THIS PART COMPLETES VOLUME 44 (1949) AUG 2 
1949 VOLUME 44, No. 5 


AY 
eoicAlL List 


THE 


BIOCHEMICAL 
JOURNAL 


Edited for 
THE BIOCHEMICAL SOCIETY 


Editorial Board 
R. K. CALLOW R. A. MORTON 
G. D. GREVILLE A. NEUBERGER 
R. A: KEKWICK J. R. P. O'BRIEN 
M. G. MACFARLANE R.H.S. THOMPSON 
H. McILWAIN A. WORMALL 


E. J. KING (Chairman) 


CAMBRIDGE UNIVERSITY PRESS 
CAMBRIDGE, AND BENTLEY HOUSE, LONDON 


AGENTS FOR U.S.A. 
THE UNIVERSITY OF CHICAGO PRESS 


CANADA AND INDIA: MACMILLAN 


Price 20s. net 





The Biochemical Journal is conducted by the Biochemical Society and is published 
by the Cambridge University Press. The Journal is issued in multiple volumes per year. 
Each volume consists of approximately 640 pages, poriichedd | in five parts at intervals of 


one month: 


The Biochemical Society was instituted solely for the advancement of the Science of 
Biochemistry, and holds meetings at different centres for the communication of original 
papers, and for the discussion of current problems. Persons interested in Biochemistry 
are eligible for election. Members whose subscriptions are not in arrears are entitled to 
receive the Biochemical Journal without further payment. Further information may be 
obtained from the Hon. Secs., Professor J. N. Davidson, Departmert of Biochemistry, 
The University, Glasgow, W.2, and Dr J, H. Birkinshaw, London School.of Hygiene and 
Tropical Medicine, Keppel Street, London, W.C.1, or from the Hon. etn Dr J. H. 
Bushill, 149 Hammersmith Road, London, W.14. 


Subscriptions to the Biochemical Journal. Yor non-members of the Biochemical 
Society the subscription to the Biochemical Journal is £3. 10s, 0d. per volume, payable in 
advance to the Cambridge University Press, Bentley House, 200 Euston Road, London, 
N.W.1, to Dr J. H, Bushill, The Laboratories, 149 Hammersmith Road, London, W.14, 
or to any bookseller. In the United States of America the Journal may be purchased 
from the University of Chicago Press, 5750 Ellis Avenue, Chicago, Ill., the American agents 
of the Cambridge University Press for the sale of the Biochemical Journal. 

Communications respecting the sale of single issues or back numbers of the Journal * 
should be addressed to the Cambridge University Press, Bentley House, 200 Huston Road, 


London, N.W.1. 
Claims for the replacement of Journals lost in transmission will not be cnbeitdgned if 


they are received later than three months after the date of the posting of the Journal. 


Prices of back numbers of the Journal. 
In paper covers 

*Volumes 1 to 10. (Out of print.) 
Index Authors and Subjects in 

Vols. 1-10. 5s. 3d. net. (By post 5s. 5d.) 
Volumes 11-16. (Out of print.) 
Volume 17. 602. net. 

*Volumes 18 and 19. (Out of print.) 
Volumes 20-25. 60s. net per volume. 
Volumes 26-28. 708. net per volume. 

*Volumes 29-32. (Out of print.) 
Volumes 33-36. 70s. net per volume. 
Volumes 37 to °39. Reserved for : e. 

Members of the Biochemical 
Society only.) 
Volumes 40-43. 70s. net per volume. 


Index Authors and Subjects in 
Volumes 11-20, 10s. net. (By post 108. 4d.) 


Index Authors and Subjects. in 
Volumes 21-30. 15s. net. (By post 16s. 4d.) 


* Odd numbers from these Volumes, where available, can be quoted for on application. — 


Binding. Quotations can be given by the publishers for bound copies of back numbers; 
also for buckram binding cases, and for binding subscribers’ sets, (Suspended.) 














ia ahaa tee tated 





Sd ene a een Tw ta - PURGE ean 








Displacement Chromatography on Synthetic Ion-exchange Resins 


2. THE SEPARATION OF ORGANIC ACIDS AND ACIDIC AMINO-ACIDS 
BY THE USE OF ANION-EXCHANGE RESINS 


By S. M. PARTRIDGE anv R. C. BRIMLEY, Low Temperature Station for Research in Biochemistry 
and Biophysics, University of Cambridge 


(Received 4 November 1948) 


The application of the principle of displacement 
chromatography to the separation of bases and 
amino-acids on columns packed with the cation- 
exchange resin Zeo-Karb 215 has been described in 
Part 1 of this communication (Partridge & Westall, 
1949). It is expected that this method will prove to 
be of value in the isolation of bases and amino-acids 
from biological extracts of various kinds, and that it 
will also facilitate the fractionation of protein hydro- 
lysates on a rather larger scale than has been possible 
hitherto. Since all the amino-acids commonly found 
in proteins are adsorbed by Zeo-Karb 215 and other 
cation exchangers of a similar type, the use of these 
resins constitutes a means of carrying out the first 
fractionation of a protein hydrolysate into a series 
of groups of amino-acids of similar affinity for the 
cation exchanger. 

The data given in Part 1 show that although 
aspartic acid should be separable from a protein 
hydrolysate in a pure condition, glutamic acid will 
appear in a mixed fraction containing serine and 
threonine; thus further means are required to 
separate glutamic acid from the two hydroxyamino- 
acids. Since several excellent methods have been 
described for the separation of glutamic and aspartic 
acids from each other (Drake, 1947; Consden, 
Gordon & Martin, 1948) and also from other less 
acidic amino-acids (Freudenberg, Walch & Molter, 
1942; Cleaver, Hardy & Cassidy, 1945; Tiselius, 
Drake & Hagdahl, 1947) by the use of synthetic 
resinous anion exchangers, the application of a 
chromatographic technique based on one of the 
commercially obtainable anion-exchange resins 
obviously presents itself. However, the methods 
cited have been designed, for the most part, for use 
on a smaller scale than is envisaged here, and for that 
reason it was considered worth while to reinvestigate 
a number of anion exchangers by methods con- 
forming to the general pattern of those described 
in Part 1. 

EXPERIMENTAL 


Materials 


Samples of three commercial resins have been examined. 
These were: Wofatit M; Amberlite IR4 (Resinous Products 
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and Chemical Company, Philadelphia); De-Acidite B 
(Permutit Company, London). We are indebted to the 
Director of the Chemical Research Laboratory, Teddington, 
for the gift of the sample of Wofatit M, supplies of which are 
at present difficult to obtain. 


Methods 


The apparatus used and the methods adopted for the 
determination of the adsorption capacity of the resins and 
the width of the boundaries are generally as described in 
Part 1. Itshould, however, be pointed out that the behaviour 
of the anion exchangers is markedly different from that of 
the highly acidic base-exchange resins in several important 
respects. These differences in behaviour are due especially 
to the fact that exchange reactions taking place on the anion 
exchangers are much slower than those observed on resins 
containing —SO,H groups. In addition, commercial resins 
of the condensed polyamine type contain weakly acidic 
groups, which give the resin an amphoteric character in 
neutral or weakly alkaline solutions. This latter property 
causes considerable difficulty in regenerating the resin, 
particularly as it is desirable to prepare the resin base in 
a substantially salt-free condition. 

Various methods of regeneration have been used to suit 
particular experimental conditions, and details of the pro- 
cedures adopted appear in the relevant sections below. 

The determination of titration curves. The experimental 
procedure was identical for the three resins investigated. The 
sample of resin was ground in the dry condition in a hammer 
mill and graded between wire sieves (80-100 mesh/in.). The 
powder was allowed to stand overnight in 0-1 N-HCl and was 
washed free from fine particles by means of an upward flow 
of water. It was then packed into a tall glass filtration tube 
and treated three times alternately with 0-1N-HCl and 
n-NaOH, the final washing from n-NaOH being carried out 
with a large volume of distilled water until the specific 
conductivity of the effluent solution was less than 10 
gemmhos. The powdered resin was then dried in air at room 
temperature and a sample taken for the determination of 
moisture content by drying to constant weight over P,O, in 
vacuo at 80°. Twenty to thirty samples of the air-dried resin, 
each about 0-6 g., were then weighed into 50 ml. flasks; 
20 ml. of 0-5m-NaCl were added to each flask and the 
volume made up to 40 ml. by the addition of various 
amounts of HCl or NaOH. The flasks were then tightly 
stoppered and allowed to stand with occasional shaking for 
48 hr., when the supernatant solution was withdrawn from 
each flask for titration and for the determination of pH 
(glass electrode). 
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RESULTS 


The effect of pH on the retention of anions. The 
anion-exchange resins at present available com- 
mercially are rather complex in structure, and 
usually contain a wide range of reactive groups 
which vary considerably in their strength as bases. 
The following functional groups are commonly 
present in such resins: —NH, (aromatic or ali- 
phatic), —NH (aromatic or aliphatic), =N (ali- 
phatic) (cf. Myers, 1942; Davies, 1948). In addition, 
weakly acidic phenolic hydroxyl groups may be 
present. 

The complexity of the ionizing system in such 
resins may be illustrated by the example of one 
commercial anion exchanger which is said to be pre- 
pared by the co-condensation of ethylenediamine 
with phenol and formaldehyde, cross links being 
formed by the reaction of the condensed product 
with ethylene dichloride. Such a resin would be 
expected to contain —-NH, (aliphatic), —NH (ali- 
phatic), =N (aliphatic) and —OH (aromatic), and 
its titration curve would, therefore, show the pre- 
sence of a whole series of ionizing groups over a con- 
siderable pH range. 

The titration curves of three commercial resins 
are given in Fig. 1. The determinations were carried 
out by the method already given, and it should be 
observed that the curves represent the adsorption of 
Cl” or Na* from solutions containing a relatively 
high concentration (0-25m) of sodium chloride. In 
the curves, the amount in m-equiv. of Cl” or Na* 
adsorbed/g. (dry wt.) of resin is plotted against the 
PH of the supernatant solution. It will be seen that 
in each case the adsorption of Cl” increases steadily 
with decreasing pH from pH 9 to 1, and that at 
pH 9-10 and above there is a nett adsorption of Na*. 
Thus the resins (in different degrees) have weakly 
acidic properties in addition to their main character 
as bases. 

With each sample of resin there is a point in the 
region of pH 9-10 at which the well-washed resin 
retains neither free acid nor free base and thus 
behaves as an amphoteric substance at its isoelectric 
point; but it should be noted that at this point the 
adsorption capacity of the resin is not necessarily 
zero, since both cations and anions may be removed 
from the solution in equal amounts. Indeed in the 
ease of a resin containing phenolic hydroxyl as the 
base-reacting radical, the adsorption of cations at 
pH 9-10 may be considerable, and, if the resin has 
an ‘isoelectric point’ in this region, it must be 
expected to retain both anions and cations in signifi- 
cant amounts when equilibrated with weakly 
alkaline solutions containing salts. This expectation 
is confirmed by experience, since, if the resins are 
brought to their free-base condition by buffering to 
pH 9-10 with borate or carbonate-bicarbonate 
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mixtures, and are subsequently washed with dis- 
tilled water, the removal of salt (or free alkali pro- 
duced by hydrolysis of the salts of weak acids) from 
the resin proves to be an extremely slow process; 
considerable quantities of electrolyte are washed 
from the resin before the conductivity of the effluent 
solutions approaches that of the distilled water used 
for washing. 


= & 6 . © 2 
pH of supernatant solution 


Retention of NaOH Retention of HCI (m-equiv./g. resin. dry wt.) 


Fig. 1. Titration of three commercial anion-exchange resins 
in the presence of 0-25mM-NaCl: curve A, Amberlite IR4; 
curve B, Wofatit M; curve C, De-Acidite B. 


This is an important consideration wherever large 
quantities of resin are to be used, and, in fact, the 
amount of distilled water required to wash a large 
column free from electrolytes after it has been re- 
generated with alkali or alkaline buffers may be 
prohibitive. For the practical purposes of this work, 
it has, therefore, been considered preferable to choose 
a cycle of operations which avoids the necessity of 
bringing the resin into equilibrium with alkaline 
solution; and, as will appear later, a further advan- 
tage in limiting the adsorption-regeneration cycle 
to pH 1-7 lies in the fact that, over this range, 
expansion and contraction of the resin is reduced. 
However, some of the small-scale laboratory experi- 
ments (such as the determination of adsorption 
isotherms) call for a fully regenerated resin, and 
these were carried out with resin samples that had 
been regenerated with dilute sodium hydroxide 
solution. 
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Titration curves for a sample of Amberlite IR 4 
have recently been given by Kunin & Myers (1947), 
who carried out the determinations both in the 
presence and the absence of neutral salt. These 
curves show clearly that the free-base form of the 
resin may be brought, by exhaustive washing, into 
equilibrium with distilled water at a pH approaching 
7, although the resin (which contains primary ali- 
phatic amino groups) is a fairly strong base. This is 
to be expected since the resin is insoluble, and charge 
effects tend to prevent the release of free hydroxyl 
ions into the aqueous phase. On addition of a 
neutral salt, however, the pH of the solution rises, 
presumably because soluble cations become avail- 
able, and the supernatant solution acquires a con- 
centration of hydroxy] ions sufficient to bring about 
an equilibrium of essentially the same kind as that 
occurring when a soluble base is dissolved in water 
containing electrolytes. 

The width of the boundaries. In Part 1 an expression 
was derived by which the width (Ag9) of a boundary 
formed by a solute on a column could be calculated 
from a knowledge of the shape of the solute front 
in the effluent: 

Von —Vo 

Width of the boundary in cm. (Ago) = (““-*) L. 
e 
The notation used is that given in Part 1. The results 
of a number of such determinations on the cation- 
exchange resin Zeo-Karb 215 are shown in Part 1, 
Fig. 6 (p. 425), which shows the effect of the particle 
size of the resin and the rate of progression of the 
boundary down the column on the width of a boun- 
dary due to 0-042N-NH,. 

Fig. 2 shows the widths of boundaries due to 
0-0495M-glutamic acid on various anion-exchange 
resins. The experimental procedure adopted was that 
described in Part 1 (p. 425). Curve A (Fig. 2) gives 
the widths of the boundaries on a column of 9-0 mm. 
diameter x 103 mm. height packed with De-Acidite 
B (80-100 mesh/in.). The De-Acidite B, after treating 
alternately with N-NaOH and 0-1N-HCl, was 
regenerated with N-NaOH solution and washed with 
distilled water to a low conductivity. Curve B was 
obtained with Amberlite IR4 (80-100 mesh/in.) 
which was regenerated by equilibration with 0-0005 
n-HCl after treating alternately with 0-1N-HCl and 
water. Curve C was obtained with Wofatit M (80— 
100 mesh/in.) which was regenerated by the method 
used for the sample of De-Acidite. Curve D refers 
to a column packed with Amberlite IR4 that had 
been treated alternately with 0-1N-HCl and water 
and regenerated with phosphate buffer of pH 7-0 
followed by thorough washing with distilled water 
to low conductivity. 

It will be observed that, with the anion-exchange 
resins, the effect of the rate of flow in the column is 
very much more marked than is the case with Zeo- 
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Karb 215, and that the boundaries (with comparable 
rates of flow) are very much wider in all cases. Indeed 
it is clear that, with all the samples, the rate of pro- 
gression of the boundary down the column must be 
limited to less than 2 cm./hr. in order to obtain 
separations of the same sharpness as those taking 
place on Zeo-Karb 215 at a comparable rate of 
15 em./hr. 

The adsorption of a weak acid such as glutamic 
acid on the anion exchangers is, therefore, a very 
slow process as compared with the replacement of 
H* by cations on strongly acidic resins such as Zeo- 
Karb 215, and, since parallel experiments with 
aspartic acid and lactic acid gave similar results, it 


10 
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an 


Width of the boundary, 7.90 (cm.) 


0 2 4 6 On Wen i te 
Rate of progression of the boundary, $ (cm./hr.) 


Fig. 2. Width of boundaries formed by glutamic acid 
(0-05M) on various anion-exchange resins (80-100 mesh/ 
in.): curve A, De-Acidite B; curve B, Amberlite IR4 
(regenerated with 0-0005N-HCl); curve C, Wofatit M; 
curve D, Amberlite IR4 (regenerated with phosphate 
buffer of pH 7). 


may be assumed that the slow rate of reaction applies 
to organic acids as a whole. Since the boundary 
widths found for 80-100 mesh/in. resin were so large, 
it was not considered useful to examine the properties 
of resin samples of larger particle size, and the finer 
grade of resin was used throughout the remainder 
of the investigation; in separation experiments the 
rate of progression of the boundaries down the 
column was adjusted to 3-4 cm./hr., since slower 
rates than this were not considered to be practical 
except under special circumstances. 

The data given in Fig. 2 provide a rational basis 
for the choice of a suitable resin for the purpose of 
fractionation experiments. Curve D shows that the 
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boundaries on the column of Amberlite (regenerated 
to pH 7) are considerably narrower than those given 
by any of the other resin samples. However, the 
adsorption capacity of the resin should also be taken 
into account in considering the performance of a 
column, since it is clear that although the boundary 
given by Amberlite IR4 (regenerated to pH 7) is 
2-75 em. at a rate of progression of 6 cm./hr., and 
that given by the same resin regenerated with 
0-0005N-HCl is 5-75 em., in the former case the 
capacity of the resin for anions is about twice that 
in the latter. Thus for a given quantity of solute the 
band on the column is approximately one-half the 
height when the column is regenerated to pH 7, and 
consequently the proportion of pure solute recover- 
able should be approximately the same in both cases. 
However it must be borne in mind that regeneration 
to pH 7 would allow the use of a shorter column. 

For the purpose of comparing the performance of 
resins, we may therefore compare the values of 
Ago X € for a given solute at a given rate of progression 
of the boundary. This comparison is set out in 
Table 1 for boundaries given by glutamic acid, and, 
from these data, it is clear that the performances of 
all the anion-exchange resins on this basis do not 
greatly differ. 

The suitability of a resin for a given separation 
must remain a matter to be decided in relation to 
particular circumstances regarding both the type of 
separation and the apparatus available. Resins of 
lower adsorptive capacity suffer the disadvantage 
that longer columns are required for the same 
throughput, but in the present work it was con- 
sidered preferable to use long columns packed with 
De-Acidite B since the chemical and mechanical 
stability of this resin made it convenient to handle in 
the finely powdered condition. 

The data for the cation-exchange resin Zeo-Karb 
215 are included in Table 1 to serve as a basis for 
comparison. The superiority of the cation exchanger 
at high rates of flow is most striking, and is in con- 
formity with our experience in fractionation experi- 
ments on the two kinds of resin. Displacement 
chromatography on commercial anion-exchange 
resins was successful only if carried out slowly and 
on long columns packed with finely ground material. 

The retention of organic acids on De-Acidite B. 
Fig. 3 shows a number of ‘retention isotherms’ which 
were determined on a sample of De-Acidite B (1-60 g. 
dry wt.) that had been treated several times alter- 
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nately with 0-1N-HCl and n-NaOH, and regenerated 
with N-NaOH solution. The values of e were calcu- 
lated from the retention volumes (V,) given by a 
column 58 mm. in height and 9-0 mm. in diameter. 
Details of the experimental procedure for the deter- 
mination of « are given in Part 1, p. 421. 


$ 


w 
S 


De-Acidite B (dry wt.) 


Lactic 
acid 


i 
S 


Aspartic GI , 
i utamic 
as acd 


002 004 006 008 010 012 
Concentration C (mmol./ml.) 


Retention (€) in mmol./g. 
S 


°o 


Fig. 3. The retention of a number of acids on De-Acidite B 
(80-100 mesh/in.). The experiments were carried out with 
a column 9 mm. in diameter containing 1-6 g. resin. 


The adsorption of the neutral amino-acids, serine, 
glycine and alanine, on De-Acidite B was very small — 
and for practical purposes may be neglected. The 
two acidic amino-acids, aspartic acid and glutamic 
acid, were well adsorbed, and, as would be expected 
from its lower isoelectric point, the value of ¢ (mmol. 
of solute adsorbed/g. resin dry wt.) for aspartic acid 
was rather higher than that for glutamic acid. A 
feature of the group of curves given in Fig. 3 is that 
the adsorption capacity of the resin for the strong 
mineral acids is three to four times that for aspartic 
and glutamic acids. This was to be expected from the 
titration curve of the resin (Fig. 1) which demon- 
strates the presence of a range of basic groups of 
varying strengths. Thus hydrochloric acid may be 
retained by weakly basic groups in the resin which 
remain un-ionized in the presence of the acidic 
amino-acids. 


Table 1. Comparison of Ag x € for glutamic acid boundaries on various resins 


Resin 
De-Acidite B (fully regenerated) 
Amberlite IR 4 (regenerated to 0-0005N-HCl) 
Wofatit M (fully regenerated) 
Amberlite IR.4 (regenerated to pH 7) 
Zeo-Karb 215 (acid form) 


€ 
(mmol./g.) 


S S 
(em./hr.) Ag (em./hr.) 
5 5 10 
10 
10 
10 
10 


Ago X € 


aoc co 





Vol. 44 

The curves in Fig. 3 may be used in the same way 
as those in Fig. 3 (Part 1) for the calculation of the 
concentration at which one acid is displaced by 
another. Inspection of the curves shows that in 
order to displace aspartic acid as an 0-05m™ solution 
by means of a mineral acid, a concentration of about 
0-25N-HCI or 0-40N-H,SO, would be required. The 
high concentrations of mineral acids required must 
be regarded as a disadvantage in chromatographic 
experiments, since they increase the risk of chemical 
degradation of the resin with consequent release of 
nitrogen-containing compounds, and also tend to 
increase the swelling suffered by the resin. For this 
reason lactic acid was used as the displacement 
developer in some of the displacement experiments, 
but this was of doubtful advantage since in one 
experiment bacteria were observed to be growing on 
the top part of the column in the presence of lactic 
acid, 

The separation of aspartic acid, glutamic acid and 
serine. It has already been pointed out that the 
separation of serine from glutamic acid is of im- 
portance in the fractionation of the amino-acids of 
protein hydrolysates, since these two amino-acids 
form a mixed band when displaced from Zeo-Karb 
215 by means of dilute ammonia solution. The 
separation of serine from glutamic acid should pro- 
ceed readily on De-Acidite B since serine is adsorbed 
to a very small extent on this resin. Aspartic acid 
and glutamic acid may be separated fairly readily on 
cation-exchange resins when serine is present, but it 
was nevertheless considered useful to investigate the 
behaviour of the two acidic amino-acids on an anion- 
exchange resin. 

Fig. 4.@ gives the results uf a separation experi- 
ment in which serine (2:3 mmol.), glutamic acid 
(2-3 mmol.) and aspartic acid (2-3 mmol.) were dis- 
solved in water (75 ml.) and applied to a column of 
De-Acidite. 

The column was 11-5 mm. in diameter and con- 
tained 10-66 g. air-dried De-Acidite (dry wt. 6-97 g.). 
The resin had been treated alternately with N-NaOH 
and 0-1N-HCl and regenerated with N-NaOH fol- 
lowed by washing with distilled water until the 
specific conductivity of the effluent fell below 
10 gemmhos. After washing, the resin occupied a 
height in the filtration tube of 15-6 cm. The displace- 
ment developer used was 0-101 M-lactic acid (concen- 
tration as determined by titration with alkali), and 
this solution was applied at a rate of about 75 ml./hr. 
Since approximately 130 ml. lactic acid solution 
were required to saturate the column, this rate of 
flow corresponded with a rate of progression of the 
lactic acid boundary down the column of 9 em./hr. 
The effluent was collected in 10 ml. fractions, and a 
qualitative analysis of each fraction was obtained 
by setting up one-dimensional filter-paper chroma- 
tograms (Consden, Gordon & Martin, 1944). 





DISPLACEMENT CHROMATOGRAPHY ON ION EXCHANGERS 


517 


The results are given in the form of block diagrams 
in Fig. 4a. The figure shows that serine was well 
separated from the two acidic amino-acids and was 
retarded by the column to a small extent only. A 
partial separation of aspartic from glutamic acid 
was obtained, but the separation was not sufficiently 
complete to have much practical value. From an 
analysis of the block diagram, the width of the 
boundary (Ag) on the column between aspartic acid 
and glutamic acid was about 6-8 cm., and, since the 
rate of progression of the front was 9 cm./hr., the 
width of the aspartic-glutamic boundary was not 
greater than would be expected for a single-solute 
front travelling down the column at the same rate 
(Fig. 2, curve A). 


[|___Serine [> Z]_ Glutamic ‘acid T — 


20 40 60 80 100 120 140 160 180 200 220 240 


[{ Aspartic acid ]\, 


A Glutamic acid [-~ 


20 40 60 80 100 120 140 160 180 200 220 240 


— HC F 


2790 


A__ Serine 





930 1860 

Vol. of effluent (mi.) 

Fig. 4. (a) Separation of serine, glutamic acid and aspartic 

acid by displacement with 0-10 m-lactic acid (S =9cm./hr.). 

(b) Separation of aspartic acid and glutamic acid by 

displacement with 0-10m-lactic acid (S=1-8 cm./hr.). 

(c) Separation of serine and glutamic acid by displacement 
with 0-51 N-HCI. 


This indicated that an improvement in the 
separation should be obtainable at low rates of pro- 
gression of the boundaries. To test this a second 
experiment was set up using the same column. A 
mixture of aspartic acid (0-306 g.) and glutamic acid 
(0-339 g.) in water (80 ml.) was applied to the column 
and a solution of the same concentration (0-101™) of 
lactic acid was used as displacement developer. The 
application of the developer was adjusted to give 
a rate of progression of the lactic acid boundary of 
1-8 em./hr. The result of the experiment is shown in 
Fig. 4 6, inspection of which shows that the overlap 
between the aspartic and glutamic acid bands was 
considerably reduced. However, calculation of the 
width of the aspartic-glutamic acid boundary shows 
this to be about 3-0 cm., and thus, at the low rate of 
flow, the boundary width was greater than the width 
of a single-solute boundary (1-60 cm.) given by 
extrapolation of curve A (Fig. 2) to S=1-8 em./hr. 

The results of these two experiments, taken 
together with those from confirmatory experiments 
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on the same lines, indicate that the separation of 
glutamic acid and aspartic acid can only be success- 
ful when carried out very slowly, and for this reason 
it was considered that for practical purposes the 
method would be of doubtful value, particularly as 
the two acidic amino-acids are readily separated on 
cation-exchange columns. The use of the anion- 
exchange resins, however, provides the simplest 
method for separating serine from glutamic acid. 

Procedure for the regeneration of De-Acidite. The 
difficulty of washing the commercial anion-exchange 
resins free from electrolytes after they have been 
regenerated with strong alkalis has been emphasized 
already. For experiments with small columns the 
consumption of distilled water used in the washing 
procedure after regeneration with sodium hydroxide 
solution is unimportant, but for larger columns the 
quantity of distilled water required becomes pro- 
hibitive. Nevertheless, complete removal of alkali is 
necessary for all separations involving weak acids, 
since its presence raises the pH of the solution in 
contact with the resin, and thus tends to inhibit the 
adsorption of the acid. Effects of this sort were met 
with in experiments with glutamic acid, which failed 
to form sharp fronts on columns that had been in- 
sufficiently washed after regeneration with sodium 
hydroxide. 

Various alkalis and buffer solutions were investi- 
gated for use in the regeneration of the resins. The 
use of sodium carbonate or bicarbonate was un- 
desirable since the evolution of carbon dioxide during 
the regeneration process necessitated the repacking 
of the column before each experiment. Attempts 
were made to use various buffer solutions of pH 8-10, 
but these also were rather unsatisfactory since the 
removal (by washing with water) of the excess of 
electrolyte over this pH range proved to be a slow 
process. It therefore appeared to be desirable to 
avoid the use of buffer solutions more alkaline than 
pH 7, and regeneration with sodium acetate solution 
was finally adopted as a routine procedure. Details 
of the procedure are illustrated in the following 
example. 

A column of De-Acidite (125 g. dry wt.; 80- 
100 mesh/in.) contained in a filtration tube 3-62 cm. 
in diameter occupied a height of 26 cm., and had 
been saturated with 0-25nN-HCl. A solution of 
sodium acetate (0-25N; 6 1.) was then passed slowly 
through the column until the effluent solution 
reached pH 6 (time 4 hr.). The column was then 
washed with distilled water (10 1.) until the con- 
ductivity of the washings fell to 25 gemmhos. At 
this point the wash water had an acid reaction 
(pH 4-5), but was free from chloride. 

Separation of serine from glutamic acid on a larger 
scale. The column used contained 125 g. (dry wt.) 
De-Acidite B (80-100 mesh/in.) and was 3-62 cm. in 
diameter and 26 cm. in height. The resin had been 
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regenerated with sodium acetate solution as 
described in the previous section. A solution of 
L-glutamic acid (8-0 g.) and Di-serine (1-50 g.) in 
water (1 1.) was allowed to flow through the column, 
and the effluent solution was collected in 93 ml. 
samples by means of an automatic fraction collector 
(Brimley & Snow, 1949). The time required for this 
operation was 4:3 hr. After washing with a small 
quantity of water (25 ml.) the reservoir was filled 
with 0-51N-HCI (2 1.), and the solution allowed to 
flow through the column at a rate of 140 ml./hr. The 
conductivity of the effluent was measured at intervals 
throughout the run, and the experiment was stopped 
when the rise in conductivity showed that the 
hydrochloric acid boundary had broken through 
(time 10 hr.; vol. of HCl solution 1-4 1.). 

The pH of each 93 ml. fraction was measured and 
a small quantity of solution was taken from each for 
chromatographic analysis by the filter-paper method. 
The chromatogram obtained is illustrated in Fig. 4c, 
which shows that serine was well separated from 
glutamic acid. The serine solution emerged from the 
column at pH 5-4, while the glutamic acid band 
emerged at pH 3-35, except for the last three fractions 
which were mixed with hydrochloric acid. 

Since hydrochloric acid at a concentration of 
0-51N displaces L-glutamic acid at a concentration 
higher than its solubility in water (Fig. 3) glutamic 
acid crystals appeared in the effluent solution soon 
after the fractions were taken. The serine solution 
(fractions 2-14 inclusive) contained a small concen- 
tration of acetic acid derived from the sodium acetate 
used to regenerate the column. The solution was con- 
centrated under reduced pressure, treated with a 
small amount of charcoal and finally evaporated to 
dryness under vacuum at room temperature (yield 
1-5 g. colourless crystals: N, found, 13-2 %; theory, 
13-3 %). The glutamic acid solution was collected in 
two parts; fractions 20-24 inclusive (free from 
hydrochloric acid) and fractions 25—27 (containing a 
fairly high concentration of hydrochloric acid). Both 
portions were evaporated to dryness after treatment 
with a little charcoal. Fractions 20-24 yielded 
glutamic acid as a colourless crystalline product 
(4:73 g.: N, found, 9-9%; theory, 9-5%). The 
residue from fractions 25-27 was weighed as 
glutamic acid hydrochloride (pale yellow crystals, 
2-2 g.). Total yield calculated as glutamic acid 
6-5 g.; recovery 81%. 

The separation of glutamic acid from aspartic acid 
by development with acetic acid. Drake (1947) 
described an interesting analytical method for the 
separation of glutamic acid from aspartic acid which 
could be carried out with a few mg. of material. A 
column of Amberlite IR4B was used, and the 
separation was carried out by development with 
acetic acid, which is adsorbed on anion-exchange 
resins approximately to the same extent as glutamic, 
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but less strongly than aspartic acid. With the con- 
centration of acetic acid used (0-05 %) the develop- 
ment results in the formation of an acetic acid band 
lying between and overlapping the two amino-acid 
bands, and, since the complete elution of aspartic 
acid requires a large volume of acetic acid, Drake 
introduced a second developer (N-HCl) in order to 
displace the aspartic acid at a suitable concen- 
tration. 

In view of the rather poor results obtained in the 
separation of glutamic acid from aspartic acid by the 
direct application of displacement development, it 
was considered worth while to investigate an 
adaptation of the method of Drake to preparative 
separations involving relatively large quantities of 
amino-acids. Details of a typical separation experi- 
ment are given below. 

The column contained De-Acidite B (80-100 mesh ; 
dry wt. 125 g.) and was 26 cm. high x 3-62 cm. in 
diameter. The resin had previously been regenerated 
with sodium acetate solution and washed thoroughly 
with distilled water. A solution (400 ml.) containing 
glutamic acid (4-0 g.) and aspartic acid (1-0 g.) was 
passed through the column (time, 3 hr.) and de- 
velopment was carried out with 0-102N-acetic acid 
(1-3 1.; time, 8 hr.). The reservoir containing the 
acetic acid was then replaced by one containing 
0-25N-HCI, and this solution (2-5 1.) was allowed to 
flow into the column for a further 8 hr. 
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Fraction no. (each fraction contained 172 ml. solution) 
Fig. 5. Separation of glutamic acid from aspartic acid on 
De-Acidite B. The column was developed with 0-1N- 
acetic acid followed by 0-25N-HCI. 


The effluent solution was collected in 172 ml. 
fractions, and a one-dimensional paper chromato- 
gram was made from samples taken from each 
fraction. The chromatogram is illustrated in Fig. 5 
which shows complete separation between the 
aspartic and glutamic acids. The positions of the 
acetic and hydrochloric acid bands (found. by 
titration) are also indicated in the diagram. It will 
be observed that the acetic acid front coincided with 
that due to glutamic acid, while the aspartic acid 
band was to some extent overlapped by the hydro- 
chloric acid band. Fractions 9-16 inclusive (Fig. 5) 
were mixed and the solution concentrated under 
reduced pressure and evaporated to dryness in vacuo 
over sodium hydroxide. The product (glutamic acid) 
was a colourless crystalline solid (yield 3-27 g.; N, 
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found, 9-8 %; theory, 9-5 %). The yield of glutamic 
acid represented a recovery of 82 %. Thus, although 
separation was complete, there was a loss of 0-73 g. 
of glutamic acid. In the experience of the authors, 
losses of this order are usual with both aspartic and 
glutamic acid where commercial anion-exchangers 
are employed, and it is considered that the poor 
yields may in part be due to secondary adsorption 
of a difficultly reversible character. Chemical de- 
gradation of the amino-acids in contact with the 
resins may also be a contributory factor. 


DISCUSSION 


In the work described above, three commercial anion- 
exchange resins were investigated with particular 


‘reference to their suitability for the purpose of dis- 


placement chromatography on a preparative scale. 
The two acidic amino-acids, aspartic acid and 
glutamic acid, were well adsorbed by the resins, and 
the main object of the work was to establish suitable 
conditions for the separation of these two substances 
from each other and from mixtures containing 
neutral amino-acids. The procedures adopted were 
based upon those developed for the separation of 
bases and amino-acids on cation-exchange resins 
(Partridge & Westall, 1949). 

The titration curves of the commercial anion- 
exchange resins show that they are markedly poly- 
functional in behaviour ; they contain a range of basic 
radicals of varying strength and also show a weakly 
acidic character. When in equilibrium at reactions 
near neutrality they behave as ampholytes, and, for 
this reason, regeneration of the resins must be care- 
fully controlled. If strong alkalis are used in the 
regeneration process, cations are adsorbed by the 
resins which are difficult to remove completely by 
subsequent washing. Failure to effect the complete 
removal of alkali after the regeneration process gives 
rise to a reduction in the adsorptive capacity of the 
resin for weak acids, since the residual cations 
become involved in salt formation with the acids, 
and this increases the pH of the solution in contact 
with the resin. For this reason, regeneration with 
strong alkalis should be avoided when dealing with 
large columns. De-Acidite B may be regenerated 
effectively with sodium acetate solution, and with 
this reagent only small volumes of wash water are 
required to render the columns free from cations and 
from anions other than acetate. 

The anion-exchange resins at present available 
commercially are relatively weak bases (containing 
aliphatic and aromatic amino groups as the most 
basic radicals), and, probably for this reason, the 
exchange reaction between anions is much slower 
than that taking place between cations on the 
strongly acidic resin Zeo-Karb 215. This slowness of 
reaction is reflected in the broad boundaries show 
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by the bands on columns packed with the anion- 
exchange resins, and measurements of boundary 
widths at different rates of flow showed that the 
separation of weak acids by displacement chromato- 
graphy could only be successful at very slow rates 
of flow, and by the use of the resins in a finely ground 
condition. 

A number of trial separations using mixtures of 
aspartic and glutamic acids indicated that, while 
separations of about the expected order of efficiency 
were in fact obtained, the rate of flow required was 
very much slower than for the separation of the same 
pair of amino-acids on Zeo-Karb 215. Taking the 
evidence as a whole, it is considered doubtful if the 
direct application of the displacement technique to 
the separation of weakly acidic substances on the 
anion-exchange resins available at present is of 
practical value. 

A particularly useful feature of the resins is that 
the adsorption of neutral amino-acids is very small, 
and columns packed with the resins may be used as 
simple adsorptive filters in order to remove aspartic 
or glutamic acid from mixtures containing the 
neutral amino-acids. The separation of glutamic acid 
from serine and threonine is of particular importance 
in the fractionation of protein hydrolysates since 
these three amino-acids form a mixed band on Zeo- 
Karb 215. The separation of serine from glutamic 
acid was carried out using De-Acidite B and the 
experiment gave a quantitative recovery of serine, 
but a loss of about 20% of the glutamic acid was 
observed. Losses of this order are a general feature of 
the adsorption of the acidic amino-acids on the 
anion-exchange resins, and it is considered that the 
effect is mainly due to the irreversible adsorption of 
part of the material. However, a further explanation 
of the loss may lie in the occurrence of oxidative 
degradation on the surface of the resin particles. 

Although the direct application of the displace- 
ment technique to the separation of aspartic and 
glutamic acid was unsatisfactory, it still remained 
possible that a combination of elution and displace- 
ment would give satisfactory results as a pre- 
parative method. Such a method was developed as 
a microanalytical technique by Drake (1947) who, 
by developing a column of Amberlite IR4 with 
dilute acetic acid, was able to effect a complete 
separation between the two amino-acids. Acetic acid 
is adsorbed to roughly the same extent as glutamic 
acid, but is less strongly adsorbed than aspartic acid, 
and development with this reagent results in the 
separation of the two amino-acid bands by the inter- 
polation of an acetic acid band between them. An 
adaptation of this method, using De-Acidite B, gave 
good results, and a complete separation was obtained 
using a mixture containing 5 g. of the amino-acids 
on a column containing 125 g. of the resin. 
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The results of the investigation as a whole show 
that the anion-exchange resins at present available 
are much less efficient for the purpose of displace- 
ment chromatography than are resins of the sul- 
phonated phenol-formaldehyde type. This may in 
large part be due to the polyfunctional character of 
the anion exchangers and to the rather weakly basic 
character of the main functional groups. However, 
the resins may be used with success for the separation 
of aspartic and glutamic acid from mixtures don- 
taining the neutral amino-acids. 


SUMMARY 


1. Three commercial anion-exchange resins have 
been investigated for their suitability for displace- 
ment chromatography on a preparative scale. These 
were Amberlite IR 4, Wofatit M and De-Acidite B. 

2. Titration curves for the three resins are given. 
These were carried out in the presence of neutral 
salts and show that the resins have weakly acidic 
properties in addition to their main function as 
insoluble bases. 

3. The boundary widths given by glutamic acid 
on columns packed with the anion exchangers are 
approximately inversely proportional to the adsorp- 
tive capacity of the resins. The boundaries given by 
the anion-exchange resins are much broader at useful 
rates of flow than those given by the cation exchanger 
Zeo-Karb 215. This indicates that the exchange 
reaction is much slower in the former than in the 
latter case. 

4. Some separation was obtained between glutamic 
acid and aspartic acid on De-Acidite B, but very , 
slow rates of flow were required to give useful 
results, and (with the anion-exchange resins at 
present commercially available) the technique is of 
doubtful value for practical purposes. 

5. The anion-exchange resins are, however, useful 
for the separation of glutamic or aspartic acid from 
neutral amino-acids, particularly serine. In this 
case, since the resins adsorb neutral amino-acids to 
a small degree only, separation may be achieved 
by application of a simple process of adsorptive 
filtration. 

6. Using De-Acidite B, glutamic acid and aspartic 
acid may be separated on a preparative scale by 
developing the column with acetic acid; this forms 
a band lying between and overlapping the bands due 
to the amino-acids. 


The authors wish to thank Dr J. R. Bendall for his con- 
tinued interest and advice and Dr N. E. Topp for several 
valuable discussions. Mr D. F. Elsden carried out the 
partition chromatograms. The work described in this paper 
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Investigation Organization of the Department of Scientific 
and Industrial Research. 
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In the first two parts of this series (Partridge & 
Westall, 1949; Partridge & Brimley, 1949) the 
application of displacement chromatography to the 
separation of simple mixtures of bases, acids and 
ampholytes has been described; columns packed 
with ion-exchange resins were used and most of the 
experiments were concerned with two typical com- 
mercial products, the cation exchanger Zeo-Karb 215 
and the acid-adsorbing resin De-Acidite B. Interest 
has been particularly directed towards the problem 
of separating miatures of amino-acids, since these 
frequently occur in biological extracts of all kinds, 
and are almost certain to be met with in any 
attempt to isolate an active biological substance 
from its source. 

An obvious application of the technique lies in the 
isolation of the optically active amino-acids from the 
hydrolysis products of proteins. This problem has 
been of importance to biochemists in ths past, and, 
in view of the advent of the isotope-dilution 
technique, the successful development of a simple 
physical method for carrying out such isolations is 
likely to be of even more importance in the future. 
It was considered, furthermore, that an attempt to 
fractionate the products of hydrolysis of a typical 
animal protein would present the most practical test 
of the method, and at the same time would yield 
valuable information concerning the degree of 
separation and the order of displacement of a wide 
range of naturally occurring amino-acids. 

A short account of the fractionation of a protein 
hydrolysate by displacement development on ion- 
exchange columns has already been given (Partridge, 
Westall & Bendall, 1947). In recent years much 


work has been published on the isolation of amino- 
acids from protein hydrolysates by the use of ion- 
exchange resins in various ways, but since several 
excellent reviews are available (Martin & Synge, 
1945; Cannan, 1946; Tiselius, 1947) no attempt will 
be made to refer to the original publications in 
detail. However, most of the methods hitherto em- 
ployed involve the use of the ion-exchange resins as 
media for elution experiments of the classical type 
or in simple adsorptive filters. So far as the authors 
are aware, no systematic attempt to use the dis- 
placement technique for this purpose has appeared, 
although simple mixtures of amino-acids have been 
separated in this way (cf. Drake, 1947; Hems, Page & 
Waller, 1948). 

Since commercial egg albumin was readily obtain- 
able, and its amino-acid constitution fairly well 
known, the product of hydrolysis of this protein 
with hydrochloric acid was chosen for study. Pre- 
liminary experiments showed that the amino-acids 
tyrosine and phenylalanine behaved irregularly on 
a column of Zeo-Karb 215, presumably because of 
the intervention of physical (van der Waals) 
adsorption by the resin material, which is pre- 
dominantly aromatic in character. However, since 
the two aromatic amino-acids are strongly adsorbed 
by charcoal, and may be eluted from it (Schramm & 
Primosigh, 1943; Tiselius, 1947) it was possible to 
remove these two amino-acids from the hydrolysate 
before proceeding with the separation of the re- 
maining constituents on the cation-exchange column. 
The procedure was found to be particularly advan- 
tageous, since in addition to the recovery in a pure 
condition of tyrosine and phenylalanine, the process 
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resulted in the complete removal of all coloured 
material from the hydrolysate before application to 
the ion-exchange columns. 

As has already been indicated, theoretical con- 
siderations suggest that a fairly large difference in 
isoelectric point is necessary to secure the separation 
of two ampholytes on a cation-exchange column. A 
complete separation of all the components of a 
protein hydrolysate in one passage through the 
column is therefore not to be expected ; the grouping 
of the isoelectric points suggested rather that the 
amino-acids would form a series of discrete bands, 
each containing individuals of closely similar 
electrical properties. Chromatograms of this type 
were found in practice, and Table 1 shows the general 
arrangement of the bands on a column of Zeo-Karb 
215. 

In displacement chromatography the various 
bands necessarily overlap each other, and in cutting 
the fractions it was in most cases necessary to reject 
the overlapping portions of the bands, or to preserve 
the mixed solution for working up with a following 
batch of hydrolysate. Thus the yields obtained from 
a single fractionation must always show some loss, 
but high yields should be obtainable from a series of 
fractionations in which the overlapping portions of 
the bands are returned to the stock for refractiona- 
tion. 


Table 1. Amino-acid bands in the order of their 
displacement from Zeo-Karb 215 


Band Amino-acids 
I Aspartic acid 
II Glutamic acid, serine, threonine 
III Glycine, alanine 
IV Valine, proline 
V Leucines, methionine, cystine 
VI Histidine, unidentified substance 
VII Lysine 


Table 1 shows that, by a single passage through a 
column of Zeo-Karb 215, the amino-acids may be 
separated into seven main fractions, each containing 
a small number of components. The use of this resin 
thus offers an excellent means of effecting a first 
breakdown of the complicated mixture and yields 
fractions of a kind suitable for the application of 
further simple chromatographic procedures or 
further fractionation by other methods such as 
fractional crystallization, adsorptive filtration, or 
countercurrent extraction with organic solvents. The 
distribution and treatment of the bands obtained by 
first passage through the Zeo-Karb column (using 
dilute ammonia as displacement developer) may be 
briefly described as follows. 

Band I (Table 1) needed no further fractionation 
since it contained aspartic acid only, and this was 
readily recoverabie in a pure crystalline condition 
by concentrating the solution. 

Band II contained glutamic acid, serine and 
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threonine. The formation of a mixed band on Zeo- 
Karb 215 by serine and glutamic acid has already 
been reported (Part 1, Partridge & Westall, 1949, 
p. 424), and it has been pointed out that the appear- 
ance of serine in this position is anomalous since 
serine is considerably less acidic than glutamic acid. 
However, serine and threonine are readily separated 
from glutamic acid on a column of De-Acidite B 
(Part 2, Partridge & Brimley, 1949, p. 518), and this 
method was used in the present work for the isolation 
of pure glutamic acid. The remaining components of 
the band, serine and threonine, were not further 
separated, but were recovered as a crystalline 
mixture. 

Band III contained glycine and alanine and, in the 
present work, no attempt was made to separate these 
two amino-acids, but they were recovered as a 
crystalline solid by concentrating the solution. 

Band IV contained valine and proline. Since these 
two amino-acids occur in egg albumin in rather small 
proportions, the band containing them was narrow, 
and the adjacent components overlapped so far into 
the valine-proline band as to render its isolation 
impossible with a column of the length used. A cut 
was, therefore, taken that included Band IV plus 
the overlapping sections of Band IIT and Band V, 
and the solution was passed through a narrow 
column of the same resin. The proportion of valine 
and proline in this second solution was much higher 
than in the original hydrolysate, and thus, on the 
second narrower column, the valine-proline band was 
longer and proportionately less overlapped, and a 
suitable cut could be made which contained valine 
and proline only. Concentration of this solution 
yielded the mixture of valine and proline in a 
crystalline form. 

Band V contained methionine, cystine and the 
leucine isomers and, in order to isolate the leucines, 
advantage was taken of the readiness with which the 
sulphur-containing amino-acids may be oxidized 
with bromine water. On addition of this reagent 
to the mixture, both cystine and methionine were 
converted to oxidation products that were readily 
separated from the leucines by further application 
of the chromatographic procedures. 

Band VI contained histidine and an unidentified 
basic substance, while Band VII contained lysine. 
Arginine is more basic than the displacement 
developer (ammonia) and was not displaced by the 
latter at the concentration used, but a partial 
recovery of arginine was obtained from the hydro- 
chloric acid solution used to regenerate the column. 

The lysine band was well defined, but was over- 
lapped to a considerable extent by ammonia. Lysine 
did not appear to be present in the chromatogram to 
the extent estimated from the amino-acid analysis of 
the protein. This was rather unexpected since 
small-scale experiments with authentic lysine had 
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previously shown that this amino-acid could be dis- 
placed quantitatively by ammonia. However, Hems 
et al. (1948) have encountered a similar difficulty, 
and consider the effect to be due to the presence of 
the other amino-acids in the hydrolysate. As an 
alternative explanation it may be assumed that 
there is a small degree of irreversible adsorption of 
lysine on the resin, and that losses due to this cause 
are proportionately greater when a small amount 
of lysine is caused to traverse a long column, than 
is the case when a similar amount of the amino-acid 
is handled on a few grams of resin. 

It appears from experiments already described 
(Part 1, p. 426) that irreversible adsorption of the 
basic amino-acids may be due to the effect of 
phenolic hydroxy] groupings in the resin, which react 
with bases of the same order of strength as ammonia, 
but are inert towards weaker bases. With this in 
mind, experiments are now in progress to investigate 
the separation of the basic amino-acids on a labora- 
tory-prepared resin which contains the sulphonic 
acid radical, but is free from phenolic OH. 

Histidine appeared in the chromatogram as a 
narrow (but sharp) band in about the proportion 
that would be expected from the known histidine 
content of the protein. However, this content is 
small (approx. 2-4%), and, while the recovery of 
pure histidine would appear to be possible by use of 
asecond narrow column of Zeo-Karb 215, its isolation 
in this way was not attempted in view of the pro- 
jected experiments with an improved resin. 


EXPERIMENTAL 


Hydrolysis of the protein. A sample of commercial egg 
albumin (moisture, 13-8%; ash, 3-4%; 240 g.) was hydro- 
lyzed for 40 hr. under reflux with 5-5N-HCl (2-5 1.). The bulk 
of the HCl was removed by repeated evaporation under 
reduced pressure, and the residue, after addition of water 
(1-5 1.), was filtered to remove insoluble humin. The filtrate 
was made up to Xl. and was used as a stock solution. 

Treatment with charcoal. The charcoal (‘ Activated Char- 
coal’, British Drug Houses Ltd.), 110 g., was first prepared 
by shaking for 1 hr. with 5 % (v/v) acetic acid solution (1-5 1.) 
on a mechanical shaker. It was then filtered and thoroughly 
washed with distilled water. A measured volume of the 
stock protein hydrolysate solution (650 ml.), equivalent to 
64 g. protein (dry wt.), was made up to 4 1. with distilled 
water. The prepared charcoal, which was in the form of a wet 
filter cake, was transferred to this solution and the mixture 
shaken gently for 1 hr. The charcoal was then removed, 
leaving a colourless filtrate, and was thoroughly washed 
with water (1 1.), the washings being added to the bulk of 
the filtrate. 

Recovery of phenylalanine and tyrosine. Previous experi- 
ments had shown that, under the conditions described above, 
the charcoal removed tyrosine, phenylalanine, and various 
coloured substances from the solution. It removed traces 
only of other amino-acids. Elution was carried out by 
shaking the charcoal for 1 hr. with 2 1. of 20% (v/v) acetic 
acid solution containing phenol (5% w/v). The eluted char- 
coal was removed by filtration, and the supernatant solution 
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twice shaken out with ether to remove the phenol. The 
solution, which was almost colourless, was then concen- 
trated to small bulk under reduced pressure and finally 
evaporated to dryness, leaving a pale straw-coloured 
crystalline residue, which consisted mainly of tyrosine and 
phenylalanine. The residue was extracted with several suc- 
cessive small quantities of ice-cold water, and the insoluble 
residue (tyrosine) was recrystallized from hot water (yield 
1-46 g., or 2-3% on protein dry wt.; found: N, 7-8; cale. for 
CyH,,03;N, 7:7%). 

The water-soluble fraction was concentrated under re- 
duced pressure until the solution was slightly viscous, and 
treated with dry HCl gas at 0°. A heavy crop of crystals of 
phenylalanine hydrochloride formed and was separated by 
filtration through a sintered glass funnel. A one-dimensional 
filter-paper strip chromatogram confirmed the purity of the 
fraction (yield, 1-62 g. calculated as free phenylalanine, or 
2-5% on protein dry wt.; found: N, 6-9; cale. for C,H,,0,NCI, 
70%). 

Preparation of the cation-exchange column. The column was 
in two sections, each 82 cm. in height and 3-2 cm. in diameter. 
Both sections were packed with 200 g. (dry wt.) Zeo-Karb 215 
(40-60 mesh/in.). The resin was prepared as previously 
described (Part 1, p. 420). and the packed columns were 
treated alternately with 0-15N-NH, and 2N-HCl before use 
in order to consolidate the resin. The column assembly was 
provided with a conductivity cell arranged for continuous 
reading, and the solution flowing from the column passed to 
an automatic fraction collector which was adjusted to collect 
the solution in 91 ml. fractions. 

Fractionation on the Zeo-Karb column. The solution that 
remained after treatment with charcoal was made up to 9 1. 
with distilled water and applied to the column at a rate of 
about 1 1./hr. The solution contained the hydrochlorides of 
the amino-acids and a small excess of HCl, and thus the 
solution flowing out of the column during this stage of the 
process was dilute HCl. This was run to waste. The hydro- 
chlorides of the amino-acids are adsorbed to a less extent 
than the free ampholytes, and the dimensions of the column 
were calculated to be just sufficient to retain the entire 
amino-acid content of the hydrolysate as hydrochloride; thus 
when displacement with NH, was commenced the amino- 
acid band contracted to less than half its original length, the 
effluent from the column during this period containing no 
amino-acids.’ The displacement developer contained 0-148 Nn- 
NH, (5-5 1.), and the dark brown front due to the NH, 
reached a point 76 cm. from the bottom of the column 
before a sharp rise in the conductivity of the effluent indicated 
the break through of an amino-acid. From this point until 
the break through of the NH, front (determined conducti- 
metrically) the effluent solution was collected in 91 ml. 
fractions. (Time required for displacement with NH, 
solution, 15 hr.; rate of progression of the NH, boundary, 
11 cm./hr.) 

On standing overnight crystals of aspartic acid appeared 
in the first few fractions. The pH of each fraction was 
measured, and small samples were taken from each fraction 
for the preparation of filter-paper chromatograms (Consden, 
Gordon & Martin, 1944). Fig. la shows the filter-paper 
chromatogram in which the solvent used was neutral phenol. 
In this solvent the separation of the more acidic amino-acids 
was good, but the resolution of the more basic amino-acids 
was not sufficient to allow the unambiguous identification 
of them all. In order to complete the identification of the 
latter, further chromatograms were carried out using as 
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solvent butanol-acetic acid mixture (Partridge, 1948) and 
m-cresol (Consden et al. 1944). The results of the qualitative 
analyses carried out in this way are given diagrammatically 
in Fig. 16 which also includes specific conductivity and pH 
readings. ' 

It will be observed that the amino-acid mixture was dis- 
tributed in an ordered way over a series of definite bands. 
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(Fig. 16) showed that fractions 1-10 inclusive were free from 
the components of Band II, and these fractions were col- 
lected together. The combined solution was concentrated to 
small bulk under reduced pressure and finally evaporated to 
dryness under vacuum. The residue (colourless crystals, 
3-92 g.) was pure aspartic acid; found: N, 10-6; calc. for 
C,H,0,N, 10-5% (yield on protein dry wt., 6-1%). 





Fig. la. 
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Fig. 1. Flowing chromatogram obtained by displacing the hydrolysis products of commercial egg-albumin from a column 
of Zeo-Karb 215 by means of 0-15N-NH,. (a) Paper chromatogram carried out on fractions from the flowing chromato- 
gram. The paper chromatogram was carried out in two sections using phenol water as the solvent. (Key to amino-acids 
in Fig. 16). (6) Diagram showing the position of the cuts made during the collection of the fractions, the amino-acids 


present, the specific conductivity of the effluent e——e and the pH of the effluent x 


The composition of these bands is summarized in Table 1 
which lists the bands in the order of their displacement. 


Fractionation of bands 


Band I : aspartic acid. This consisted of aspartic acid only, 
but was overlapped by Band II, containing glutamic acid, 
serine and threonine. The filter-paper chromatogram 
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Band IT: glutamic acid, serine and threonine. The section 
of Band II that overlapped with Band I (fractions 11-14 
inclusive) was rejected, and Band II was collected between 
fractions 15-31 inclusive. The cut was taken in order to 
exclude aspartic acid, but to include the overlapping section 
of Band III containing glycine and alanine. The fractions 
were passed, in order, through a column of De-Acidite B 
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which had been regenerated with sodium acetate solution 
following the procedure given in Part 2 (p. 518). The column 
was 26 cm. in height, 3-62 cm. in diameter and contained 
125 g. (dry wt.) of resin (80-100 mesh/in.). Glutamic acid 
was retained by the resin, and the neutral amino-acids passed 
through the column with only a small degree of retardation. 
A chromatogram (Fig. 2a) carried out on the effluent solution 
showed that the neutral amino-acids appeared in the same 
order as they occurred in the fractions passed into the 
column. Fractions 105-117 (Fig. 2b) contained serine and 
threonine only, and were bulked together. This solution 
(1-21 1.) was concentrated under reduced pressure and 
treated with a little charcoal. The concentrated solution was 
then evaporated to dryness and yielded a mixture of serine 
and threonine as a colourless crystalline solid (3-93 g.; yield 
on protein dry wt., 6-1%). 
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Fig. 2. Flowing chromatogram obtained by treating Band IT, 
fractions 15-31 (Fig. 1), on a column of De-Acidite B. 
Displacement developer 0-5N-HCl. (a) Paper chromato- 
gram carried out on fractions from the flowing chromato- 
gram. (6) Key to amino-acids shown in Fig. 2a. Glutamic 
acid was retained by the column. 


The glutamic acid contained in Band II was recovered 
from the column by displacement with 0-5N-HCl following 
the procedure previously described (Part 2, p. 518). The 
chromatogram illustrated in Fig. 2b shows that part of the 
glutamic acid appeared in the free state (fractions 139-144) 
and part as the hydrochloride (fractions 145-148). The 
mixed solutions from these two fractions were concentrated 
separately, and, after treatment with a little charcoal, were 
evaporated to dryness and yielded glutamic acid (4-39 g.) and 
glutamic acid hydrochloride (2-2 g.). The combined yield 
(calculated as free glutamic acid) represented 9-5% of the 
protein (dry wt.). The free glutamic acid had N, 9-6% (calc. 
for C;H,O,N, 9-5%). 
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Band III: glycine and alanine. Fractions 123-125 from 
the De-Acidite column (Fig. 26) and fractions 32-36 from 
the Zeo-Karb column (Fig. 1b) were combined and yielded 
a cut containing glycine and alanine only. This was concen- 
trated to small bulk, evaporated to dryness in vacuo, and 
yielded the mixture of the two amino-acids as a colourless 
crystalline solid (3-48 g.; yield on protein dry wt., 5-4%).2> 

Band IV : valine and proline. The valine-proline band was 
narrow and consequently was too overlapped to allow its 
isolation from the flowing chromatogram obtained by a 
single passage through the column. A cut was, therefore, 
taken which included the overlapping portions of Band III 
and Band V (fractions 37-46 inclusive, Fig. 1b). The fractions 
were passed, in order, to a column of Zeo-Karb 215, 36 cm. in 
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Fig. 3. Flowing chromatogram obtained by treating Band 
IV, fractions 37-46, (Fig. 1), on a narrow column of 
Zeo-Karb 215. Displacement developer 0-15N-NH3. 
(a) Paper chromatogram carried out on the fractions from 
the flowing chromatogram using butanol-acetic acid- 
water as the solvent. (b) Key to amino-acids shown in 
Fig. 3a. 


height and 1-8 cm. in diameter. The column contained 40 g. 
(dry wt.) of the resin (60-80 mesh/in.) and was prepared 
exactly as described for the longer column. 

The chromatogram obtained on displacement with 0-148 N- 
NH, is reproduced in Fig. 3a. In this chromatogram the 
valine-proline band was much longer, and a centre portion 


‘was cut (fractions 8-13 inclusive, Fig. 36) which contained 


valine and proline only. This, on evaporation, yielded the 
mixture as a colourless crystalline solid, 2-91 g. (yield on 
protein dry wt., 45%). It will be observed (Fig. 36) that 
fractionation on the narrower column also resulted in the 
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separation of a further quantity of glycine and alanine. 
Fractions 1-3 contained glycine and alanine only, and 
yielded 0-71 g. of the mixture as a crystalline solid which 
was suitable for addition to the material obtained from 
Band ITI (yield on protein dry wt., 1-1%). 

Band V: methionine, cystine and the isomeric leucines. 
Fractions 52-58 (inclusive) were mixed to give a solution 
containing the amino-acids of Band V together with a trace 
of valine. The solution on evaporation to dryness yielded a 
crystalline product 5-2 g. (yield on protein dry wt., 8-1%). 
The isolation of the leucines was of particular interest, and 
since the remaining components of the mixture, cystine and 
methionine, are both readily oxidized it was clear that a 
possible method of carrying out the isolation would lie in 
treating the mixture with a mild oxidizing agent in order to 
modify the properties of the two sulphur-containing amino- 
acids. 

The crystalline mixture from Band V (5-0 g.) was dissolved 
in water (1 1.) and cooled by immersion in ice water. Bromine 
water was added until a permanent colour was obtained, and 
the slight excess of bromine was removed by passing a 
current of air through the solution under reduced pressure. 

A paper chromatogram showed that the cystine had been 
fully oxidized to cysteic acid, while the methionine gave rise 
to a well-characterized compound, presumably the sul- 
phoxide, which had R, values in various solvents that were 
identical with those given by the corresponding compound 
prepared from an authentic sample of methionine. Cysteic 
acid was then removed from the solution by passing it 
through a column containing De-Acidite B (cf. Consden, 
Gordon & Martin, 1948; Partridge & Westall, 1949). The 
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Fig. 4. Flowing chromatogram given by fractions 52-58 
(Fig. 1) after mild oxidation with bromine water and 
removal of cysteic acid. Displacement from a column of 
Zeo-Karb 215 with 0-154N-NH,. 


remaining solution was then further fractionated on a 
column containing Zeo-Karb 215 (dry wt., 40 g.; height 
35 cm. ; diameter 1-6 cm.) by displacement with 0-154N-NH,. 
The chromatogram obtained is shown in Fig. 4. Fractions 
6-10 inclusive (Fig. 4) contained the isomeric leucines in 
a pure condition and on evaporation to dryness yielded 
colourless crystals 2-28 g. (Found: N, 10-5; cale. for 
C,H,,0,N, 10-7; yield on protein dry wt., 3-6%. 


DISCUSSION 


The greater part of the data presented in this paper 
has been derived from the analysis of the flowing 
chromatogram obtained when the mixture of amino- 
acids resulting from the hydrolysis of a protein is 
displaced from a column of Zeo-Karb 215 by means 
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of a dilute solution of ammonia. A chromatographic 
separation of this kind is particularly suited to serve 
as the basis of a systematic procedure for the 
isolation of amino-acids on a preparative scale 
since, by one passage through the column, the com- 
plicated mixture of amino-acids may be broken down 
into six or seven simple’ fractions, each in a form 
suitable for further fractionation. 

The means to be adopted for the isolation of pure 
amino-acids from the simplified mixtures resulting 
from first passage through the column must depend 
to a great extent upon the personal choice of the 
investigator since the aim is usually to prepare only 
a few of the amino-acids occurring in the protein, 
and it is often possible to obtain a good yield of one 
component by sacrificing another. With this in mind, 
it appears probable that the classical methods of 
separation—fractional crystallization either of the 
free amino-acids or of their derivatives—would offer 
the most direct approach. However, where the 
isolation of all or most of the amino-acids is equally 
desired, as may often be the case in experiments with 
labelled amino-acids, it is clear that chromato- 
graphic methods for completing the separation 
would be particularly desirable. 

It has already been pointed out that, in the initial 
passage through the cation-exchange column, the 
bases and amino-acids separate into bands com- 
prising components of similar affinity for the ion 
exchanger. This ‘affinity’ is a complicated function 
in the case of the amino-acids since they are ampho- 
lytes. All that should be necessary to secure the 
further separation of two components comprising 
a band, is to refractionate the band under new 
experimental conditions such as to modify differ- 
entially either the basic or the acidic ionization of 
the components. 

Some of the possible variations in experimental 
conditions that may be applied to induce further 
separations are as follows: (1) The use of a water- 
soluble organic solvent such as ethanol or acetone in 
order to modify the ionization of the carboxylic acid 
groups in the amino-acids. (2) The utilization of 
variations in temperature or concentration. (3) The 
choice of a solvent mixture having a solvent-water 
partition in favour of the amino-acids it is desired to 
separate. 

To these methods two further may be added: 
(4) The choice of a second ion exchanger with 
different properties from that effecting the first 
separation (e.g. the use of an anion-exchange column 
to follow a separation carried out on a cation- 
exchange column). (5) The properties of one or more 
of the components of the mixture may be modified 
by chemical means. 

The effect of an organic solvent in differentially 
modifying the ionization of a pair of amino-acids 
(separation of type 1) may be illustrated by an 
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example, viz. the isolation of glutamic acid from a 
mixture containing serine and threonine by use of 
50% aqueous acetone as the solvent phase in a dis- 
placement chromatogram. In one experiment the 
primary separation of a protein hydrolysate gave 
a mixed band comprising glutamic acid, serine and 
threonine. This band was cut so as to include these 
three amino-acids together with a little aspartic 
acid. The mixed solution was then displaced from 
a second column of Zeo-Karb 215 by means of a 
dilute solution of ammonia (0-05N) in 50% aqueous 
acetone. The resulting chromatogram is illustrated 
in Fig. 5 and shows a satisfactory separation of 
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Fig. 5. Flowing chromatogram given by the amino-acids 
of Band II on displacement from a column of Zeo- 
Karb 215 by means of 0-05N-NH, in 50% aqueous 
acetone. 


glutamic acid from the other components of the 
mixture; in addition there was a partial separation 
of serine from threonine. This latter effect was 
probably due to the intervention of solvent-water 
partition (separation of type 3). Since the solvent 
uptake of Zeo-Karb 215 varied considerably with 
the acetone content of the solution, the resin was 
first treated alternately with 2N-NH, and 2N-HCl in 
50% aqueous acetone before packing the column, 
and the acetone content of the solvent phase was 
thereafter maintained at the 1 : 1 ratio. 

Separations of types 4 and 5 have already been 
reported in the text, but the possibilities of the 
various methods listed above have not been fully 
explored, and no doubt further work will bring to 
light other ways of taking advantage of variations 
in environment to secure the separation of an 
individual ion type from a solution containing 
related electrolytes. 
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SUMMARY 


1. A systematic procedure is described for the 
isolation of amino-acjds from protein hydrolysates 
on a preparative scale. . 

2. Since tyrosine and phenylalanine interfere with 
chromatographic separation on ion-exchange resins, 
these were first removed, together with soluble 
humin, by adsorption on charcoal. Tyrosine and 
phenylalanine were recovered by eluting the char- 
coal with aqueous phenol-acetic acid. 

3. In the example given the charcoal-treated 
hydrolysis product of commercial egg albumin was 
fractionated on a column of Zeo-Karb 215 by dis- 
placement with ammonia solution. 

4. The flowing chromatogram so obtained was 
analyzed by filter-paper chromatography. Theresults 
showed that the mixture had been resolved into 
seven bands: I, aspartic acid; II, glutamic acid, 
serine and threonine; III, glycine and alanine; 
IV, valine and proline; V, leucine, isoleucine, 
methionine and cystine; VI, histidine and an un- 
identified amino-acid; VII, lysine. 

5. The amino-acids or amino-acid mixtures 
contained in each band were recovered as salt- 
free crystalline solids by evaporating appropriate 
fractions from the effluent solution. The crystalline 
products obtained represented a yield of 45-6% 
calculated on the weight of dry protein. 

6. The isolation of individual amino-acids by 
further fractionation of the simplified mixtures con- 
tained in the bands is discussed. As examples of the 
procedures suggested, three such separations are 
described : (a) glutamic acid was isolated from Band 
II by adsorption on De-Acidite B; (6) a mixture of 
the isomeric leucines was isolated from Band V by 
selective oxidation with bromine water, followed by 
further fractionation on ion-exchange columns; 
(c) the separation of glutamic acid from Band II was 
carried out by displacing the mixture from a column 
of Zeo-Karb 215 by use of a dilute solution of 
ammonia in 50% aqueous acetone. 

The experimental work recorded in this paper was carried 
out by Mr R. G. Westall and Mr R. C. Brimley. The partition 
chromatograms were performed by Mr D. F. Elsden and the 
photography by Mr D. P. Gatherum. The work forms part 
of the programme of the Food Investigation Organization 
of the Department of Scientific and Industrial Research. 
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by a Microdiffusion Method, and the Effect of 
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The narcotic action of urethane has been known for 
a long time (Schmiedeberg, 1885), and the leuco- 
penic action was described by Hawkins & Murphy 
(1925) almost 20 years before its first clinical use in 
treatment of leukaemia (Paterson, ApThomas, 
Haddow & Watkinson, 1946). Urethane has a 
relatively slow toxic action on cell nuclei causing 
pycnosis. It is a radiomimetic poison like trypa- 
flavine and the nitrogen mustards (Dustin, 1947), 
and causes chromosome breaks (Boyland & Koller, 
1949) when given in larger doses. This radiomimetic 
action may be associated with the induction by 
urethane of lung tumours (Nettleship & Henshaw, 
1943). 

The nature of the biochemical lesions underlying 
the narcotic and radiomimetic effects is still un- 
known, although Fisher & Henry (1944) suggest 
that the respiration associated with activity rather 
than that concerned with the basal metabolism is 
primarily inhibited. Meyerhof & Wilson (1948) have 
shown that phenylurethane inhibits hexokinase of 
mammalian cells. 

An improved method of estimating urethane in 
tissues is described in this paper, and this has been 
used to study the distribution and excretion of 
urethane in animals. Urethane is hydrolyzed by 
caustic alkalis to yield ethanol and this reaction is 
the basis of the method of estimation described by 
Archer, Chapman, Rhoden & Warren (1948), and 
the present method. 


EXPERIMENTAL 


Preliminary trials showed that urethane was hydrolyzed at 
room temperature and at 37° by KOH, and the rate of this 
reaction in Conway units with different concentrations of 
alkali was followed by the method described by Winnick 
(1942) for estimation of the ethanol formed. 

The course of the reaction, shown in Table 1, is such that 
the reaction is only complete in 16 hr. if the final concentra- 
tion of KOH is 2n. If higher concentrations of alkali are 
used with whole blood, precipitation occurs and the results 
are irregular. Urethane is not decomposed by K,CO, under 
these conditions and for this reason K,CO, was added to the 
blank unit in carrying out determinations. 


Method of estimation. A standard volume of 1 ml. 0-04N- 
K,Cr,0, in 10 N-H,SO,is placed in the central compartment of 
a Conway unit. The sample, which should be less than 0-7 mg. 
urethane, contained in 1 ml. fluid, and 1 ml. 4n-KOH, are 
placed in the outer ring of the unit. A blank is set up with 
a 1 ml. sample of urethane and 1 ml. 2M-K,CO,. The alkalis 
used must not contain volatile reducing substances and are 
kept in glass-stoppered bottles. The units are sealed and 
incubated at 37° for 16 hr. or more. At the end of the incuba- 
tion KI is added to the acid K,Cr,O, and the liberated I, 
titrated with 0-02 N-Na,8,0,. The difference in titre between 
the two units is proportional to the amount of urethane 
present; 1 ml. 0-02N-Na,S8,0, is equivalent to 0-445 mg. 
urethane. 


Table 1. Hydrolysis of urethane at 37° 
(Yield of ethanol as % of theory at different times) 


Alkali used ... KOH K,CO, 
Final cone. in (a  , 
outer ring... ...5N 2N N 0-5N M 
Urethane present pee SS Oe Oe 
(mg.) ... .. 0-5 0-25 0-5 0-25 0-5 0-25 0-5 0-25 0-5 
Time (hr.) 40 — — — — — — 


1 

2 0 0 8 8 8 2 
4 101 83 58 67 56 12 23 
8 101 85 76 74 67 12 33 
6 — 100 98 84 92 80 75 
2 98 100 92 85 


oooRe| 
oooce| 


1 
3 — 98 95 

Alternatively, the titration can be carried out with a 
Conway burette using 0-1 N-Na,S,0,. With this modification 
1 ml. of 0-025 n-K,Cr,0, in 10N-H,SO, is placed in the central 
compartment and the urethane sample (e.g. 0-1 ml. blood) is 
incubated with 2 ml. of M-K,CO, as the blank, and a further 
0-1 ml. blood treated with 2 ml. 2N-KOH in the outer ring 
of the second unit. Thus by using a sensitive microburette 
the estimation can be carried out on 0-2 ml. blood. The 
amount of urethane and volatile reducing matter in the 
sample must not be more than the equivalent of 0-5 mg. 
urethane. / 

Duplicate estimations agreed within 5% and the method 
could be applied directly to blood, urine or tissue extracts 
deproteinized with tungstic acid or trichloroacetic acid. The 
distillation method could not be used with urine and some 
extracts on account of the frothing which occurred. Deter- 
minations on normal human blood and on blood of normal 
rats and rabbits gave no indication of the presence of any 
substance reacting as urethane in this reaction. 
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RESULTS 


Excretion of urethane. Groups each of six rats kept 
in metabolism cages were given intraperitoneal 
injections of 500 mg. urethane/kg. body weight, as 
a 5 % (w/v) solution. The urine was collected and the 
urethane content determined. No urethane was 
found in the urine of control animals, which were 
injected with 10 ml. water/kg. body weight. Results 
of a typical experiment are shown in Table 2. The 
injected animals excreted more urine than the 
controls so that the drug had a diuretic action, but 
only about 4% of the injected urethane was excreted 
in urine. 


Table 2. Excretion of urethane by rats 


(Six rats injected with 500 mg. urethane/kg. body wt. in 
5% (w/v) solution. Six control rats injected with 10 ml. 
water/kg. body wt.) 


Total 
Vol. of urine collected urethane Urethane 
Time after excreted excreted 
injection Controls Treated (mg./kg. (percentage 
(hr.) (ml.) (ml.) body wt.) of dose) 
1 Nil 2-5 1-0 0-3 
2 0-5 8-0 6-9 1-4 
3 0-5 1-8 8-1 1-6 
6 2-0 3-0 10-1 2-0 
24 4-0 25-0 20-4 4-1 
Total urine 7-0 40-3 -— —- 


Distribution of urethane in tissues. Rats were 
injected subcutaneously with 1 g. urethane/kg. body 
weight, and killed at different times after injection. 
A specimen of blood was taken and organs were 
removed and extracted with 2 vol. of 10 % trichloro- 
acetic acid. Urethane was estimated in the blood and 
in the organ extracts. 

Deproteinized extracts of rat liver, but not of 
other tissues, prepared with trichloroacetic acid, 
metaphosphoric acid or tungstic acid, produced 
volatile reducing substances on standing. The 
nature of this material was not determined. Deter- 
minations carried out on fresh liver extracts appeared 
to be quite satisfactory. 

The results shown in Table 3 indicate that in 
normal rats the urethane of a dose of 1 g./kg. dis- 
appears from the body within 24 hr. As very little 
urethane is excreted in urine and none could be 
detected in faeces most of the drug must be meta- 
bolized. The metabolism is very much slower in 
tumour-bearing rats, in which some urethane 
remains even after 48 hr. 

Observation of the behaviour of rats indicated 
that the threshold concentration of urethane for 
narcosis was between 60 and 80 mg./100 ml. blood. 
Rats with blood concentrations of 60 mg./100 ml. or 
below were not anaesthetized, while those with con- 
centrations of 80 mg./100 ml. or over were anaes- 
thetized. The same dose of urethane produced much 
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more prolonged narcosis in tumour-bearing than in 
normal rats. A dose of 1 g. /kg. body weight induced 
anaesthesia for 8—12 hr. in normal rats, but for 24 hr. 
in tumour-bearing rats. 


Table 3. Urethane content of rat tissues after 
injection of 1 g./kg. body weight 


A. Normal rats 





Time after Urethane present (mg./100 g.) 

injection — —A~- 7 
(hr.) Blood Brain Liver Spleen 

1 140 138 — — 

2 100 85 100 110 

5 90 — 80 90 

18 57 75 — 40 

24 0 0 2 2 

40 0 0 0 0 

80 0 0 0 0 


B. Rats with Walker carcinoma 
Urethane present 


Time after (mg./100 ml.) 
injection 
(hr.) Blood Tumour 

15 100 100 

2 75 90 

5 93 80 

18 110 65 

20 120 110 

24 77 55 

40 32 15 

49 10 25 

55 7 0 


The injected urethane was rapidly distributed in 
the organs of rats or rabbits with no indication of 
localization of the drug in any one organ or tissue. 

Urethane in blood of patients. The method 
described was used for estimation of urethane in 
blood from patients under treatment with urethane. 
The blood was collected in tubes containing fluoride. 
The highest concentration found in human blood 
was 59 mg./100 ml. in a leukaemia patient receiving 
7 g. urethane daily. This patient was sleepy, but not 
anaesthetized, which suggests that the concen- 
tration of urethane inducing narcosis is higher in 
man than in rats. Another leukaemia patient who 
was given 6 g. urethane daily had blood levels of 23, 
19 and 40 mg./100 ml. on samples taken at weekly 
intervals. Patients dosed with 3 g. urethane daily 
had blood concentrations of 10, 12, 12, 14, 16, 18 and 
19 mg./100 ml. 

Blood cholinesterase in patients treated with 
urethane. AS many potent inhibitors of cholin- 
esterase are urethane derivatives, the continuous 
treatment with urethane might cause reduction in 
blood cholinesterase. The esterase activity of the 
plasma with acetylcholine, benzoylcholine and 
acetyl-8-methylcholine as measured by liberation of 
carbon dioxide from sodium bicarbonate in the 
Warburg apparatus (following the methods of 
Hawkins & Gunter, 1946) are shown in Table 4. The 
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Table 4. Esterase activity of human blood constituents under urethane treatment 


(Subjects received 3 g./day by mouth.) 


CO, (ul./hr.) evolved by 1-0 ml. plasma or 1-0 ml. washed whole erythrocytes in 


presence of 0-025 m-NaHCO, at 37° 





Plasma Erythrocytes 
¢ A. 
0-03 M- 0-03 M- 
0-06 M- 0-06 m- Acetyl1-B- 0-06 M- Acetyl-B- 
Substrate Acetylcholine Benzoylcholine methylcholine Acetylcholine methylcholine 
Mr E.: bromide chloride chloride bromide chloride 
1 day before treatment 4750 1765 312 1170 1295 
2 days after beginning of treatment 4550 2100 240 810 1074 
5 - es “ - 4685 1020 585 1780 1270 
11 ” % ” ” 4230 a 280 800 1015 
13 a . e eS 4010 — 300 1000 1067 
20 a ss a = 3350 1280 140 1400 1100 
Mrs A.: 
4 days before treatment 1805 600 135 2700 1960 
2 hr. 99 99 1840 480 175 1180 _— 
7 days after beginning of treatment 1030 572 100 1370 1430 
m ra “8 os 1371 554 114 — 1600 


results indicate that urethane treatment causes a 
decrease in the ability of the plasma to hydrolyze 
acetylcholine. In one case (Mr E.) this seems to be 
due to a fall in pseudocholinesterase as indicated 
by the decreased hydrolysis of benzoylcholine. In 
the second series (Mrs A.) the plasma showed a fall 
in true cholinesterase, as the samples taken during 
treatment hydrolyzed acetyl-B-methylcholine more 
slowly. 

Effect of urethane on tissue metabolism. Urethane 
given to tumour-bearing rats or mice in doses 
sufficient to inhibit mitosis had no inhibitory effect on 
respiration or glycolysis of tissue slices as measured 
in the Warburg apparatus (‘Table 5). Treatment with 
urethane caused a slight increase in respiration of 
tumour tissue. The doses of urethane given would be 


Table 5. Effect of urethane on tissue metabolism 
in vitro 
(Measurements during | hr.madeintheappropriate Krebs- 
Ringer solution with Warburg manometers at 38°. Qo, in O, 
and Qc3, values in pl./mg. dry wt./hr.) 
Tissue from Tissue from Tissue from 





normal animals normal 
animals treated animals 
without with 0-011 M- 
addition urethane urethane 
, ~~ ef — Y 


Q58, Vo, 988, Voz 
3-9* 7-5* 42 11-0 
16-7* — 11-2 183 


= 
Qos, Qo, 
Mouse lung 4-2 10-2 
Mouse jejunum (whole 12-6 19-2 
wall) 

Rat Walkercarcinoma 29-0 9-2 


Tissue 


28-97 9-9F 28-7 9-9 


Rat-jejunal mucosa 635 — 4957—-— — — 
Rat-kidney medulla 254 — 259 — —- — 
Rat-brain homogenate 7-0 — 6-1f — — — 


* Mice fed on diet containing 2 % urethane for 3 days before 
measurements. 

+ Rats given doses of 1 g. urethane/kg. body wt., on 
3 successive days before measurements. 


sufficient to induce cancer of the lung, and did 
inhibit mitosis of the jejunal mucosa and Walker 
rat carcinoma as shown by examination of histo- 
logical preparations of tissue from animals used for 
the manometric measurements. The glycolysis and 
respiration of mouse lung and jejunum and of Walker 
carcinoma tissue from rats were not affected by 
0-011M-urethane added in vitro. This concentration 
is equivalent to that which produces cytological 
effects in these tissues in vivo. 


DISCUSSION 


The results show that urethane disappears from the 


body of normal rats for the most part without being 
excreted. It is presumably metabolized. Experi- 
ments carried out with urethane containing “C in 
the carbamate radical by Skipper, Bryan, White & 
Hutchison (1948) have shown that very little of the 
carbamate is excreted in urine, and that about 90% 
of the radioactivity passes into the respiratory gases 
in 24 hr. 

The work with radioactive urethane also supports 
the findings in the present paper, that there is no 
accumulation of urethane in any particular organ 
and that the breakdown is slower in tumour-bearing 
animals than in normal animals (Skipper, personal 
communication). The reduced metabolism of ure- 
thane in tumour-bearing rats is not due to retention 
in the tumour, but is probably due to deficiency of 
enzymes concerned in the breakdown of the urethane 
molecule. This would be comparable with the 
reduced content of other enzymes such as catalase 
(Greenstein, 1943; Weil-Malherbe & Schade, 1948), 
D-amino-acid oxidase (Westphal, 1943), or arginase 
(Greenstein, Jenrette, Mider & White, 1941) in the 
livers of animals with tumours. 
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The absence of inhibitory effect of urethane (given 
in doses which reduce mitosis) on tissue metabolism 
indicates that urethane possibly inhibits some specific 
cell process or prevents the utilization of the energy 
of glycolysis or respiration from synthetic processes. 
Studies on the effect of methyldi(2-chloroethy]l)- 
amine (HN2) on the metabolism of the Walker 
carcinoma showed a decrease in glycolysis some days 
after treatment (Boyland, Clegg, Koller, Rhoden & 
Warwick, 1948). Urethane resembles nitrogen 
mustard in its cytological effects, and a similar 
effect on metabolism had been expected. The 
inhibition of glycolysis observed with nitrogen 
mustard is probably due to effects on hexokinase, 
and this may not be the fundamental cause of the 
nuclear damage, but rather an indication that phos- 
phokinases are affected. Urethane may inhibit such 
phosphokinases (as yet unidentified) which are 
concerned with nucleoprotein metabolism, but the 
biochemical mechanism of its action is as yet 
unknown. 

SUMMARY 


1. As urethane is hydrolyzed by cold caustic 
alkali to give quantitative yields of ethanol, it can be 
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estimated by incubation with potassium hydroxide 
in Conway units and determination of the ethanol 
absorbed in acid potassium dichromate. This method 
can be applied directly to blood (using 0-2 ml.), urine 
or tissue extracts. 

2. Following injection, urethane becomes evenly 
distributed in all the tissues of the body. Only a 
small amount is excreted in urine but the greater 
part is metabolized. The metabolism is slower in 
tumour-bearing rats than in normal rats. 

3. Of two patients treated with urethane the 
blood of one showed a decrease in true cholin- 
esterase while the blood pseudocholinesterase of 
the other patient decreased. 

4. Treatment of rats or mice with urethane in 
doses sufficient to cause inhibition of mitosis or 
induce cancer of the lung did not reduce the respira- 
tion or glycolysis of lung, jejunum or Walker 
carcinoma, tissue. 


This investigation has been supported by generous grants 
to The Royal Cancer Hospital from the British Empire 
Cancer Campaign, the Jane Coffin Childs Memorial Fund for 
Medical Research, the Anna Fuller Fund, and the U.S. Public 
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An Immune Globulin Fraction from Bovine Precolostrum 


By E. I. McDOUGALL,* Institute of Animal Pathology, University of Cambridge 


(Received 20 August 1948) 


This paper describes the preparation and partial 
characterization of an immune globulin fraction 
from bovine precolostrum. This material was studied 
as part of a joint programme on diseases of young 
calves because of its possible relation to colostrum, 
and the role of the latter in the transference of passive 
immunity to the suckling animal. 

* Present address: Rowett Research Institute, Aberdeen, 
Scotland. 


Bovine precolostrum is a viscous honey-like 
substance obtained from the udders of pregnant 
heifers at about half term. It was first described by 
Woodman & Hammond (1923) and Asdell (1925), 
who showed that it was deficient in the normal con- 
stituents of milk, but very rich in globulin. They 
suggested that it might prove rich in antibodies, a 
point recently demonstrated by Blakemore (1947), 
and that its accumulation in the udder well before 
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calving and its subsequent dilution by a true lacteal that one of the most important constituents of 
secretion would account for the composition and colostrum was an immune globulin. Such a protein 
properties of colostrum and the rapid change from has recently been prepared from this source and 
colostrum to milk after calving. investigated by Smith (1946a, b). 

Colostrum itself was shown by Orcutt & Howe An immune globulin from bovine precolostrum 
(1922) to be rich in easily salted-out globulins and has been investigated in the present work. This 
antibodies, both of which were absent fromtheserum secretion has been examined for Howe’s (1922) 
of the newborn calf, but appeared therein after the nitrogen fractions, bulked samples fractionated, © 
ingestion of colostrum. This work explained the the fractions examined for the distribution of anti- 
experiments of Smith & Little (1922), which showed body and the properties of an immune globulin 
that feeding colostrum prevented losses of calves fraction investigated, mainly by physico-chemical 
from infections in the first week of life, and suggested methods. 






















Table 1. Nitrogen fractions in bovine precolostrum 





(Fractionation by a modification of Howe’s (1922) method.) 
Nitrogen (g./100 ml.) 
“A. 











Cc ‘ 
Albumin + Pseudo- Pseudo- 
Sample Total Globulin Casein non-protein Euglobulin globulinI globulin II 
Heifer 7 4-72 3-61 0-62 0-49 1-10 2-12 0-39 
Heifer 16 3-62 2-75 0-50 0-37 1-85 0-89 0-01 
Bulk I 5-04 4-60 0-20 0-23 3-17 1-23 0-20 
Bulk IT (diluted) 2-23 2-05 0 0-18 1-31 0-70 0-04 








Table 2. Fractionation, method I 






PRECOLOSTRUM 
(Bulked samples 132 g., with saline to 450 ml.) 






10 min. with HOAc + NaOAce at 40°, 
then + NaOH to pH 6-9 












DimiuTED PRECOLOSTRUM 
(less fat and casein; 500 ml.) 






Dialyzed in (NH,),SO, to 2-05m 







{ 
Precipitate 












Washed with 2-05m-(NH,),S0,, 
dissolved in saline, dialyzed until 
free from SO,- — 












TotaL GLOBULINS 
(in saline; 225 ml.) 






Dialyzed with tap water, then distilled 
water until free from Cl- 






Meee ye ek ee a 
Precipitate Supernatant 















Washed with distilled PSEUDOGLOBULIN + EUGLOBULIN B 
water, dissolved in saline (200 ml.) 





Everosuuin A (15 ml.) +HOAc to pH 5-5 










—---— 









t Y 
Precipitate Supernatant 
| 
zz 
Washed with distilled water, dissolved PSEUDOGLOBULIN 
in saline 7 






EveGLosutin B 
(100 ml.) 
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EXPERIMENTAL AND RESULTS 
Nitrogen fractions 


It has been noted that bovine colostrum is rich in 
easily salted-out globulins, viz. the euglobulin and 
pseudoglobulin I fractions of Howe. Accordingly, to 
see how the proteins of precolostrum compared with 
those of colostrum in this respect, the distribution of 
nitrogen in different fractions was investigated in 
four samples of precolostrum using a modification of 
Howe’s (1922) method. 


-— 


Precipitate 


Washed with ise, saturated 
(NH,).SO,, dissolved in saline, 
dialyzed with saline until free from 
so, - 


+ 
Fraction 0/33 
(500 ml.) 


Washed with 50% saturated (NH,).SO,, 


PRECOLOSTRAL GLOBULIN 


Table 3. Fractionation, method II 


PRECOLOSTRUM 
(Bulked samples with saline to 450 ml.) 


With HOAc + NaOAc 10 min. at 40°; 
then with NaOH to pH 6-4; diluted 
with saline 


DILUTED PRECOLOSTRUM 
(less fat and casein) 


Dialyzed in (NH,),SO, to 33% saturation 
| 
gS ace 





Precipitate 
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Table 1 shows that of the globulin N, which forms the 
greater part of the total N, a high proportion belongs to the 
more easily salted-out euglobulin and pseudoglobulin I 
fractions. In this respect it resembles the globulin N of 
bovinecolostrum. Ifthe antibodies in the two secretions have 
similar salting-out limits, then precolostrum should be a good 
source of an easily salted-out immune globulin fraction. 


Bulk fractionation 


Two lots of bulked samples of precolostrum, bulk I 
and bulk II (diluted) of Table 1, were accumulated 
for fractionation. The methods of fractionation 
employed depended on differences of solubility in 









- 
Supernatant 
Dialyzed in (NH,),SO, to 40% 


saturation 


Precipitate 
rejected 


Filtrate © 





| 
Dialyzed in (NH,),SO, to 50% 
saturation 





Filtrate 
rejected 


dissolved in saline, dialyzed with saline 


The globulin was divided into euglobulin, pseudoglobulin I 
and pseudoglobulin II fractions by precipitation with 14, 18 
and 22% (w/v) Na,SO, at 34°. Casein, however, was esti- 
mated by acidification of the dilution in saline used for the 
total N estimation with acetic acid, and not by acidification 
of the filtrate from 14% (w/v) Na,SO,, as in the original pro- 
cedure; allowance was made for its precipitation by 18% 
(w/v) Na,SO, in calculating pseudoglobulin I. This modifica- 
tion seemed justified as, on comparison of the two procedures 
in the analysis of precolostrum, the former gave lower values 
than the latter, and this suggested that proteins additional to 
casein were precipitated when the original method was used. 
Consequently, the present values for casein are slightly 
lower and for pseudoglobulin I slightly higher than would 
otherwise have been the case. 


until free from SO,- — 


Fraction 40/50 
(150 ml.) 


water and concentrated ammonium sulphate solu- 
tions respectively and are given schematically in 
Tables 2 and 3. 


In both methods the bulked samples were first diluted in 
about 450 ml. saline, any fat and casein were removed by 
acidification, and the pH readjusted to approximately 
neutral. (NH,).SO, was introduced by dialyzing in the 
calculated amount of salt from a rotating cellophan sac, and 
precipitates were removed by centrifugation. 

In the first method the total globulins were separated at 
2-05m-(NH,).SO,, and dialyzed against water to give fraction 
euglobulin A, the supernatant was adjusted to pH 5-5 and 
separated into euglobulin B, and pseudoglobulin fractions. 
The euglobulin fractions were finally dissolved in saline. 
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In the second method the solution of precolostrum was 
brought to 33 % saturation with (NH,),SO, to give a precipi- 
tate of fraction 0/33; the supernatant was brought to 40% 
saturation and the precipitate rejected; the filtrate from this 
was then brought to 50% saturation to give a precipitate of 
fraction 40/50: the filtrate from this was rejected. The two 
fractions were dissolved in saline to give a rather turbid white 
solution (0/33) and a clear pink-brown solution (40/50). 

An approximate N balance sheet of both fractionation 
procedures was obtained by measuring the volume and N 
content of solutions at different stages of the procedure. The 
results are given in Table 4. In method I, the water-soluble 
pseudoglobulin fraction accounted for 72% of the globulin 
initially separated and in method II, the readily salted-out 
fraction 0/33 contained 74% of the total N in the starting 
material. 
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colostrum has been reported in two papers. Orcutt 
& Howe (1922) found an upper limit of 16-5 g./100 ml. 
for the precipitation of antibodies to Escherichia coli 
and Brucella abortus by sodium sulphate, and Smith 
(19464, 6) prepared an immune globulin fraction by 
precipitation at 0-3 saturation with ammonium 
sulphate. The present antibody globulin of pre- 


colostrum therefore resembles that of colostrum in™ 


its salting-out behaviour. 


The 0/33 (NH,).SO, fraction would be described as a 
euglobulin in Sorensen’s terminology. However, it has been 
seen that the antibody was also found in the pseudoglobulin 
fraction obtained by dialysis. The terms euglobulin and 
pseudoglobulin therefore need some discussion. They have 


Table 4. Distribution of nitrogen and antibody in fractionation experiments 


N content of fraction 


eee 


Approx. Total in Titre to 
vol. fraction As % of As % of Brucella 
Fraction (ml.) (g./100 ml.) (g.) globulin N total N abortus 
Fractionation method I 
Dilute precolostrum 450 1-48 6-65 _— — 320 
Dilute precolostrum less fat and casein 500 1-14 6-03 — + 320 
Total globulins 225 1-35 3-36 50-5 320 
Euglobulin A 15 0-06 0-01 0-3 0-15 Absent 
Pseudoglobulin + euglobulin B 200 1-20 3-00 _— — 320 
Euglobulin B 100 0-40 0-57 17-0 8-6 Absent 
Pseudoglobulin 175 0-97 2-42 72-0 36-9 320 
Albumin, casein and losses = — 3-65 oe — —_ 
Fractionation method II 
Dilute precolostrum 450 2-23 10-0 — = — 
Fraction 0/33 500 1-40 7-4 — 74 320 
Fraction 40/50 150 0-16 0-25 — 2-5 Absent 
-- 2-35 — 23-5 — 


Albumin, casein, fraction 33/40 and losses -- 


Distribution of antibody 


The agglutinin to Brucella abortus is one of the 
antibodies that have been studied in bovine colo- 
strum. This is because it is a convenient antibody 
for many purposes since it occurs frequently in this 
species and can be easily titrated, and not because it 
is of any importance to the newborn calf. This anti- 
body was known to have been present in the bulk 
samples of precolostrum used in the present work. 
Its distribution in the various fractions obtained 
above was therefore determined as a guide to the 
nature of the globulin of this and possibly of other 
antibodies in the secretion. As shown in Table 4, it 
was present in the pseudoglobulin fraction obtained 
by dialysis in method I and in fraction 0/33 obtained 
by salting out in method II and was absent from the 
remaining fractions. 

The distribution of antibody in the ammonium 
sulphate fractions shows that the antibody globulin 
was a readily salted-out globulin. This property 
provides a broad basis for comparison with other 
proteins that are possibly related. The salting-out 
behaviour of the immune globulins of bovine 


been applied to the water-insoluble and water-soluble 


fractions obtained by dialysis, to proteins precipitating in 
the ranges 0-33 and 33-50 % saturation with (NH,),SO,, to 
proteins precipitating in the ranges 0-14 and 14-22% 
Na,SO, respectively and to fractions obtained by precipita- 
tion at different concentrations of ethanol. It is possible to 
adjust the conditions of these precipitations to yield quanti- 
tatively similar results, but this in itself is insufficient proof 
that the fractions obtained by the different methods are 
qualitatively the same or are definite chemical entities. In 
fact, both fractions obtained by dialysis of serum proteins 
have been shown to be electrophoretically pauci-disperse, 
and salting-out methods have yielded fractions containing a 
single electrophoretic component which can be further 
separated into water-soluble and water-insoluble fractions by 
dialysis. It is evident from the present results that antibody 
globulin cannot be described as an euglobulin or a pseudo- 
globulin without qualifying the term by the conditions of 
separation. 


Electrophoretic examination of fractions 0/33 and 
40/50 in solution 


As the relation between protein fractions obtained 
by dialysis and the original protein is uncertain, and 
as salting-out methods have been used successfully 
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in separating serum globulins, further examination 
of the fractions described in the preceding section was 
limited to those obtained by salting out with 
ammonium sulphate. These fractions were examined 
by electrophoresis in the Tiselius apparatus to 
obtain information on their purity and to enable 
some comparison to be made with other proteins. 
The two fractions, were examined at 4° using a simple 
schlieren optical system, 1 month after preparation; and at 
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20° using the Philpot diagonal schlieren optical system, 
7 months after storage at 4°. The velocity of each component 
was obtained either graphically by following its migration 
with a ground-glass scale or a cathetometer, or by measuring 
photographs taken near the start and finish of the electro- 
phoresis, or by both methods. 

The number and proportion of the chief components were 
similar at the two temperatures, but the mobilities were 
appreciably higher at 20° than at 4° (see Table 5 and Fig. 1). 
At 4°, fraction 0/33 showed a single strong band with a 


Table 5. Electrophoretic examination of fractions 0/33 and 40/50 
in the Tiselius apparatus 

















Temperature... i ie 4° 20° 
ao 
Fraction ... 0/33 40/50 0/33 40/50 
a 
Buffer ade aa Phosphate Borate Phosphate Phosphate Phosphate 
pH oe ea aa ie 7-0 8-5 7-0 75 7-5 
lonic strength ... bn vr 0-1 0-06 0-1 0-1 0-1 
Protein concentration (g./100 mol) 1-0 1-0 1-0 1-5 1-0 
Mobility (./sec./V./cem.) 
SS eee were ss eo Sa ee we oe 
Component Asc. Desc. Asc. Dese. Asc. Dese. Asc. Dese. Asc. Desc. 
1 _ — - 1-61 1-37 
2 -= oe -- _ 1-66 1-37 -- — 1-27 1-03 
3 _ — — — 1-02 0-93 - -- 1-20 _ 
4 — — _ — 0-51 0-50 - a 1-02 0-84 
5 0-38 0-40 0-45 0-37 0-40 0-34 0-74 0-54 0-88 + 
6 0-20 0-16 0-23 0-24 0-26 0-23 0-41 0-36 0-65 0-50 
7 — — — — 0-14 
Se se YY ee my, 
Chief component j t 6 + 
Coloured component 4 5 _— 
Time Time 
(min.) (min.) 
r salen s 
~ 
ra canna 
! 
6 
{ fj Time 
(min.) 
; 0 
3 cteec MB 200 
eS | 
6 ae 2 1 
Ascending Descending 


Fig. 1. 


E=4-3 V./em.; (b) fraction 40/50, 1 g./100 ml., E=3-0 V./cm. 


Electrophoresis of protein fractions in phosphate buffer at pH 7-5 and 20°: (a) fraction 0/33, 1-5 g./100 ml., 


Nos. 1, 2, 4, 5, 6 in the diagram indicate components. 
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mobility of approximately 0-2 y./sec./V./em. at pH 7-0 in 
phosphate buffer and at pH 8-5 in borate buffer; this band 
became rather diffuse at the end of a day’s run: a second com- 
ponent with a mobility of 0-4 u./sec./V./cm. was detected by 
its brownish pink colour, but was not present in sufficient 
concentration to give a band. Fraction 40/50 showed six 
bands, some of them only just discernible: the chief compo- 
nent, no. 4, had a mobility of approximate 0-5 y./sec./V./em. 
at pH 7-0 in phosphate buffer: the pink colour appeared to 
be present and to move at the same rate. 

At 20°, fraction 0/33 showed one main peak with a 
mobility of approximately 0-4 y./sec./V./em. at pH 7-5 in 
phosphate buffer, which became squat towards the end of 
the day’s run. The coloured substance could be seen but gave 
no peak; it had an average mobility of 0-6 y./sec./V./cm. 
A number of small peaks were visible which were probably 
due to convectional disturbances. Fraction 40/50 again 
showed six components; the chief component, no. 4, had a 
mobility of approximately 0-9 p./sec./V./em. at pH 7-5 in 
phosphate buffer. 

The differences in mobilities in the two sets of experiments 
are greater than would be expected to arise from the small 
differences in pH of the measurements, as the latter were 
made on the alkaline side of the isoelectric point where the 
slope of the pH-mobility curve of proteins is least. They are 
probably due to the effect of temperature on viscosity, since 
an approximate correction for the latter, using the viscosity 
data for water of Svedberg & Pedersen (1940), reduces the 
mobilities of the chief components of fractions 0/33 and 
40/50 at 20° from 0-38 and 0-93 y./sec./V./cm. to 0-24 and 
0-59 y./sec./V./em., at pH 7-5 in phosphate buffer, at 4° and 
these values are sufficiently close to the experimental results 
at 4°, at pH 7-0 in phosphate buffer, namely, 0-18 and 
0-51 y./sec./V./em. Unfortunately it was not possible to 
extend the present work to include measurements at a series 
of different pH values at the two temperatures and so 
describe the electrophoretic properties of the fractions more 
completely. 


Comparison of the present results at the appropri- 
ate temperature can be made with those obtained by 
other workers on proteins of bovine origin: this is 
shown in Table 6, where the mobilities have been 


rounded off to the first decimal place, and when 
necessary the average of the ascending and de- 
scending mobilities has been taken. The mobility of 
the chief component of fraction 0/33 at 4° does not 
correspond to that of any of the normal serum 
globulins, being about twice as fast as bovine 
y-globulin: it is approximately the same as that 
found for the immune globulin of colostrum and 
whey, and the T-component of immune plasma 
by Smith (19464, b), the component 7, of colostrum 
described by Gronwall (1947) and the y-globulin 
appearing in the sera of young calves on the ingestion 
of colostrum, reported by Jameson, Alvarez- 
Tostado & Sortor (1942) and San Clemente & 
Huddleson (1943). 

The mobility of the main component of fraction 
40/50 at 4° was similar to that of the main component 
of fraction A, casein, of colostrum, described by 
Smith (1946a, b) and to that of component 7,, one of 
the characteristic proteins of colostrum found by 
Gronwall (1947). As the amount of casein in pre- 
colostrum was very small and any present was 
removed in the fractionation process, the main 
component of this fraction is possibly the same as the 
protein 7,, referred to above. The mobility of the 
fastest component of fraction 40/50 at 20° is similar 
to that found by Pedersen (1937) for lactoglobulin at 
this temperature. 

The coloured component appearing in both 
fractions showed a mobility similar to that of other 
proteins described in colostrum, but as the colour of 
the latter has received no special comment, the 
resemblance is probably superficial. 

Fraction 0/33, it has been noted, contained one 
main component. The diffuseness of the bands in the 
experiments at 4°, and the flatness of the curves in 
the experiments at 20°, appear greater than might be 
expected to arise from diffusion alone, and suggest 
that the preparation was heterogeneous. Unfortun- 


Table 6. Comparison of mobility of precolostral proteins and of other bovine proteins 


Reference Protein 


Present paper Precolostrum, fraction 0/33 


Smith (19464, 5) 
Smith (1946a, 6) 
Smith (19464, b) 
Smith (19464, b) 
Gronwall (1947) 
Jameson et al. (1942) 
Present paper 


Colostrum, immune globulin 
Whey, immune globulin 
Plasma, T-component 
Plasma, y-globulin 
Colostrum, component i, 


component 
Smith (19464, b) 
component 
Gronwall (1947) Colostrum, component, i, 
Present paper 
component 


Pedersen (1937) Lactoglobulin 


Serum of suckling calf, y-globulin 
Precolostrum fraction 40/50, chief 


Colostrum, fraction A, casein, chief 


Precolostrum, fraction 40/50, fastest 


Mobility* 

(u./sec./V./em.) Temp. (°) pH Buffer 
7-0 Phosphate 
o2 185 Borate 
Veronal 
Veronal 
Veronal 
Veronal 
Phosphate 
Phosphate-saline 
Phosphate 
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a : Phosphate 
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1-5 20 Phosphate 


* These figures have been rounded off to the first decimal place. 
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ately, the runs had already taken too long for it to be 
practicable to test this point by reversal of the 
current. However, the heterogeneity constant (H), 
defined by Sharp, Hebb, Taylor & Beard (1942), was 
assessed from the second moments of the gradient 
curves of Fig. la and the values 0-047 and 
0-054 p./sec./V./em. obtained for the ascending and 
descending boundaries respectively; these values 
would be slightly reduced by allowing for the effect of 
diffusion on a slow-moving boundary : they compare 
with the value found by Sharp e¢ al. (1942) for 
their horse pseudoglobulin I preparation, viz. 
0-07 p./sec./V./em. The heterogeneity was further 
tested by calculating the third and fourth moments 
of the curves of Fig. 1a at the end of the run: these 
indicated that the mobilities were normally 
distributed. 

The heterogeneity found might have arisen during 
the course of fractionation which involved am- 
monium sulphate precipitation and dialysis at room 
temperature and extended over some 3 weeks, but 
this cannot be asserted without comparable data for 
this component before fractionation, which were 
not obtained in the present investigation. 


Further examination of fraction 0/33 


Of the two fractions obtained by salting out, 
fraction 0/33 was found to contain an antibody 
globulin and to consist of one electrophoretic 
component. The properties and purity of this 
fraction were therefore further investigated. The 
electrophoretic behaviour of the adsorbed protein 
was studied to give the iso-ionic point of the protein 
and to allow a comparison of the mobilities of the 
dissolved and adsorbed protein ; the mean molecular 
weight was studied by osmotic pressure measure- 
ments; the number of thermodynamic components 
was investigated by solubility methods and the 
nitrogen content and the partial specific volume 
determined. 


Electrophoresis of the adsorbed protein. The mobility of the 
protein adsorbed on droplets of Nujol (liquid paraffin) in 
buffers of varying pH and ionic strength was determined in 
a micro-electrophoresis cell in an ultramicroscope. The 
emulsion was made by running a boiling solution of 1 ml. 
Nujol in 20 ml. ethanol through a fine capillary tube into 
boiling water (1 1.), and removing the ethanol by boiling off 
about half the water. Acetate and phosphate buffers were 
made to cover eight pH values from 4-0 to 7-7, each at five 
different ionic strengths from 0-02 to 0-2, with the aid of a 
Cartesian nomogram based on the data of Green (1933). The 
solution for the mobility measurements was made by adding 
1 ml. of 1-5 g./100 ml. solution of the protein in saline to 1 ml. 
of Nujol emulsion in a 50 ml. flask, adding the appropriate 
amounts of standard acetic acid and NaOH or KH,PO, and 
KOH solutions, and making up to a volume with water. The 
solution after standing 15 min. was introduced into a double- 
tubed cell similar to that of Smith & Lisse (1936), but fitted 
with reversible Ag-AgCl electrodes in compartments separ- 


PRECOLOSTRAL GLOBULIN 





537 


ated from the rest of the cell by a constriction plugged with 
cotton wool. The electrodes were connected through a milli- 
ammeter and a reversing switch to a variable resistance 
connected across 200 V. d.c. mains. A voltmeter could be 
connected across the electrodes when desired. The applied 
potential was varied so that the current flowing through the 
cell did not exceed 5 ma., in order to avoid any convection 
disturbances through the heating effect of the current. The 
velocity of the adsorbed protein was obtained by timing ten 
droplets in both directions across a calibrated eye-piece 
micrometer, with a stopwatch reading to @-1 sec. These 
measurements were made at the central stationary level of 
the smaller tube; this level was easily determined experi- 
mentally by a series of measurements at various apparent 
depths. The conductivity and pH of the solution were 
measured after its removal from the cell. 

It was difficult to maintain constant conditions of measure- 
ment in some cases because of the heat produced by the lamp. 
Some typical figures in Table 7 show that the temperature 


Table 7. Constancy of conditions of measurement 
of mobility in the micro-electrophoresis cell 


Potential difference (V.) 


Start 88, 88 st 108 110 125 
Finish 88 86 84 110 110 127 
Current (ma.) 
Start 43 428 40 3-97 42 4-5 
Finish 45 468 428 418 435 4-95 
Temp. (°) 

Start 23 «23 24 26 27-5 25 
Finish 24 25 25-5 27 28 25-5 


and (probably asa result of this) the current flowing increased, 
while the applied potential remained constant. Conse- 
quently, it was more convenient to calculate the potential 
gradient from the potential difference across, rather than 
from the current through, the cell. Any error involved in this 
procedure was small since good agreement was obtained 
with figures based on a mid value for the current, as shown in 
Table 8. 


Table 8. Comparison of the values of the potential 
gradient obtained from (a) the potential difference 
and the length of the capillary tube, and (b) the 
current and the conductivity of the solution 


Potential gradient 





Method of (V./cm.) 

calculation — A " 
(a) 12-8 128 225 225 88 88 63 63 
(b) 12-2 120 23-4 225 87 88 61 60 


The final protein concentration obtained in this method, 
namely 0-03 g./100 ml., was shown to be sufficient to cover the 
droplets by (1) determining the pH mobility curve of Nujol 
droplets alone at 0-1 ionic strength, which showed mobilities 
several times greater than when protein was present; and 
(2) determining the mobility of droplets at pH 7-48 and ionic 
strength 0-1 in the presence of a decreasing concentration of 
protein; atthe lowest protein concentration, 0-001 g./100 ml., 
this showed droplets of two distinct mobilities, indicating 
coated and uncoated droplets, and at higher protein 
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concentrations, a uniform value, decreasing slightly with 
increase of protein concentration, probably because of the 
effect of viscosity. 

The pH-mobility curves were drawn from the data obtained 
at different ionic strengths (not included here). The appro- 
priate mobility of the adsorbed protein, 0-97 y./sec./V./cm., 
was considerably higher than that, 0-4 y./sec./V./em., found 
for the dissolved protein in the Tiselius apparatus at 20°, but 
was close to the value, 0-93 y./sec./V./em., found for the 
chief component of fraction 40/50 in solution. 

The iso-ionic point of the adsorbed protein was derived 
from the pH-mobility curves as follows: (1) the mobility at 
different ionic strengths for each of eight constant pH values 
was interpolated and plotted against the square root of the 
ionic strength, giving lines (Fig. 2) that were extrapolated to 


o 


Mobility (u/sec./V./cm.) 


0-2 03 
J/(lonic strength) 


Fig. 2. 


pH 
60 
T 


\ 
° 
Ww 


Mobility (y/sec./V./cm.) 
° 


0-1 0-2 0-3 0-4 
/(lonic strength) 


Fig. 4. 


give the pH-mobility data at zero ionic strength (Fig. 3) from 
which an iso-ionic point of pH 5-13 was obtained; (2) the iso- 
electric points at the different ionic strengths were inter- 
polated and plotted against the square root of the ionic 
strength (Fig. 4) and extrapolated to give an iso-ionic point 
of pH 5-15. 

The different mobilities of the protein in the 
adsorbed and dissolved state may be explained by 
increased ionization on adsorption. There are, how- 
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ever, few proteins for which data are available for 
making a comparison like this. Horse-serum 
albumin, egg albumin and horse-serum pseudo- 
globulin were studied in solution by Tiselius (1930, 
1937a,b) and adsorbed on inert particles by 
Abrahamson (1932) and Moyer (19384, b). The data 
on serum albumin showed good agreement, but in 
the case of egg albumin, the pH-mobility curve of 
the absorbed protein was slightly displaced to give 
an isoelectric point at pH 4-82 instead of at pH 4-55. 
The data for adsorbed pseudoglobulin showed good 
agreement with the early work of Tiselius in which 
the migration of the boundary was followed by ultra- 
violet adsorption at 20°. This agreement, however, 
requires qualification as Tiselius later resolved the 
pseudoglobulin into «- and y-globulin with his 
improved apparatus working at 0°, so that this 
comparison has not been made on a pure protein. 
Adsorbed unfractionated horse-serum globulin was 
studied by Moyer & Moyer (1940), and was found to 
behave like the «-globulin of Tiselius, if allowance 
was made for the different temperatures of measure- 
ment; this suggested that adsorption had been 
selective. There is thus some evidence against the 
view that adsorption affects the ionization of a 
protein. This favours an alternative explanation of 
the present results, viz. that a trace of some substance 
more surface-active than the chief constituent of the 
fraction was present. This possibility is supported by 
similar mobilities noted for the adsorbed protein and 
the chief component of fraction 40/50 in solution. 


Mean molecular weight. The osmotic pressure of a series of 
dilutions of the fraction in saline was determined in an Adair- 
type osmometer in a thermostat at 20°. The position of the 
descending inner meniscus was followed with a catheto- 
meter; the initial rapid fall of the meniscus was succeeded 
by a slight but steady decrease due to slow denaturation of 
the protein. The equilibrium position was obtained by 
plotting the observations and extrapolating to zero time. At 
the end of the experiment, the osmometer was dismantled 
and the capillary correction, pH and nitrogen content of the 
solution determined. The corrected pressure p was assumed 
to be due to protein of concentration c, calculated from the 
nitrogen content and an experimentally determined factor 
6-60 (see p.540) as the Donnan effect of the protein in normal 
saline should be negligible. 

The results are shown in the graph of p against c in Fig. 5. 
Except at the lowest concentrations, the points fall on a 
straight line which, however, does not pass through the 
origin. The molecular weight was evaluated by plotting p/c 
against c in three ways, shown in Fig. 6: (1) line A corresponds 
to the experimental data and indicates an uncorrected 
molecular weight of 170,000 at the higher concentrations, but 
is too curved to extrapolate to c =0; (2) line Bis derived from 
the curve drawn to fit the experimental data and to pass 
through the origin; on extrapolation to c=0 it gives a 
molecular weight of 300,000; (3) line C is obtained from the 
experimental data adjusted to an origin at the intersection 
of the straight line through them with the c axis; on extra- 
polation to c=0 it gives a molecular weight of 146,000. 
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As the results obtained at the lowest concentrations are 
less accurate, because of the relatively greater capillary 
correction, than those obtained at higher concentrations, the 
latter, which fell approximately on a straight line, are more 


Pressure p (cm. of water) 





0 1 2 3 4 5 
Protein concentration, (g./100 ml.) 


Fig. 5. 





0 1-0 20 3-0 40 5-0 
Protein concentration, ¢ (g./100 ml.) 
Fig. 6. 


significant and favour treatment (3) above. The failure of the 
line, however, to pass through the origin is difficult to 
interpret; it clearly cannot be due to any effect that is a 
function of the protein concentration. It may indicate that 
a constant amount of protein was denatured on setting up 
each osmometer or that the membranes had an asymmetry 
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potential giving anomalous osmosis. As there is no evident 
reason why either process should have occurred, itis probably 
more plausible to accept tentatively treatment (2) giving 
line B and an apparent molecular weight of 300,000. 

This value is somewhat higher than those found for 
immune bovine colostral globulins by Smith (1946a, b), 
180,000, and for serum globulins by Adair & Robinson (1930), 
175,000, and by Burk (1937), 173,000. It is quite different 
from that found for lactoglobulin by Pedersen (1937), 41,500 
and 38,000 and for the immune globulin of bovine anti- 
pneumococcus serum by Kabat (1939), 910,000. 


Solubility. As the purity of a preparation of high 
molecular weight is not established by any one 
criterion such as electrophoretic mobility, the 
number of thermodynamic components in the 
fraction was investigated by two solubility methods, 
namely, the salting-out curve of Cohn (1925)— 
solubility as a function of salt concentrations—and 
the phase test—solubility as a function of total 
amount of solute. 


The salting-out curve. The protein solution (0-5 ml.) was 
added to 15 ml. portions of a series of dilutions of a 3M- 
phosphate buffer at pH 6-5, prepared according to Butler & 
Montgomery (1932), left standing in a water bath at 20° over- 
night, filtered through a no. 50 Whatman paper and the 
nitrogen determined on 2 ml. of the filtrate. The solubility is 
plotted on a logarithmic scale against the molarity of the 
phosphate buffer in Fig. 7. It is evident that the protein has 
been precipitated in two stages between the limits 1-2—1-4 and 
1-4-2-1M, the salting-out constants, K,’, being 0-22 and 
0-91 respectively. 


0-4 
03 
02 


01 


0-05 


Soluble nitrogen (mg./ml.) 


0-01 
0 10 20 30 


Phosphate concentration () 
Fig. 7. 


The phase test. Increasing amounts of the protein solution 
were made up to 15 ml. with distilled water and phosphate 
buffer to give a final phosphate concentration of 1-4M at 
pH 6-5; the solutions were then shaken vigorously and left 
standing in a water bath at 20° overnight, filtered through 
a no. 50 Whatman paper and the nitrogen determined on 
2 ml. of the filtrate. The total N calculated from the volume 
and concentration of the protein solution used, and the 
soluble N found are given in Fig. 8. This shows three parts 
to the solubility curve, indicating saturation with com- 
ponents at A and B and the existence of at least a third 
component whose point of saturation was not attained. The 
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solubilities of the first two components were obtained from 
the intercepts of the extrapolated portions of the curve on 
the ordinate A’ and B’ and found to be, in terms of N, 0-06 
and 0-27 mg./ml. respectively. The proportions determined 
graphically by the procedure shown in Fig. 9 were found to 
be 53 and 17 % of the protein respectively. 


1:0 


Soluble nitrogen (mg./ml.) 


1:0 
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is given in Table 9, which shows an average value of 15-15%, 
equivalent to a factor of 6-60. This value is a little lower than 
that reported by Smith (1946 a, b) for the immune globulin of 
bovine colostrum, namely 15-44 and 15-53%, but is close to 
the value of 15-2% found for serum globulin by Adair & 
Robinson (1930). The partial specific volume was found to be 


1°5 


Total nitrogen (mg./ml.) 
Fig. 8. 


It is clear from both these tests that the fraction 
contained several components, although electro- 
phoresis had revealed only one. Comparison of the 
salting-out curve with the findings of Butler & 


Montgomery (1932) that the euglobulin and pseudo- 
globulin of human and of horse serum precipitated 


2-100 


Fig. 9. 


between the limits 1-2-1-6m and 1-5—2-5M, and the 
finding of Butler, Blatt & Southgate (1935) that 
horse pseudoglobulin was salted out with K ‘=0-5in 
the same buffer system, suggests that the proteins 
in the present fraction are probably distinct from 
the main serum globulins. 

Nitrogen content and partial specific volume. The N content 
and partial specific volume were determined on saline 
solutions of the fraction by drying to constant weight at 
110°, and by pyknometry at 20° respectively. The N content 


0-723, a value close to the average of 0-75 for serum globulin, 
which suggests that the present fraction, like the y-globulin 
of serum, is not associated with any appreciable quantity of 
lipids. 


Table 9. Nitrogen content of protein fraction 0/33 


N (g./100 ml. solution) 
0-473 
0-815 
1-34 
1-34 
1-34 
1-34 
Average 
N factor (=100/15-15) 


N (% of ash-free protein) 

15-12 

15-30 

15-13 

15-11 

15-13 

15-09 
15-15 

6-60 


DISCUSSION 


The extent to which an immune globulin fraction can 
be regarded as a distinct entity is difficult to decide. 
Biological criteria show that many different anti- 
bodies may be chemically indistinguishable, and that 
the same antibody may have different chemical 
properties, depending on the species in which it is 
formed, the manner in which its formation is stimu- 
lated and the stage in the response to the antigenic 
stimulus. In the present work, tests were made for 
the Brucella agglutinin only, and this was found to 
be confined to fraction 0/33 of the salting-out 
fractions. As other antibodies of the secretion may 
have similar solubilities, this fraction is probably not 
biologically pure and may be described tentatively 
as the immune globulin of bovine precolostrum. The 
extent to which this fraction is chemically homo- 
geneous may be judged from the present results in 
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several ways. Electrophoresis of the dissolved pro- 
tein showed one component probably accounting for 
all the fraction. Electrophoresis of the adsorbed 
fraction suggested that a minor component may have 
been preferentially adsorbed. The salting-out curve 
showed a chief component and one other, and the 
phase test a chief component and two others. In 
considering these results it should be borne in mind 
that electrophoresis of the adsorbed protein may 
afford a very sensitive qualitative test of the purity 
of the protein, as it would be affected by the presence 
of quite small amounts of other proteins if these were 
more surface active than the main constituent, and 
that the phase test is one of the most sensitive tests of 
purity available, since a protein may appear homo- 
geneous in the ultracentrifuge and Tiselius apparatus 
and still fail this test. It is therefore considered that 
while the present fraction is not pure, it does repre- 
sent a promisingly high degree of separation of the 
main component of precolostrum with which the 
immune properties of the latter appear to be 
associated. 

The properties of an immune globulin from bovine 
precolostrum are not without significance in con- 
nexion with the formation of this material and its 
relation to the subsequent secretions from the bovine 
udder. This aspect of the present results and of other 
experiments will be discussed elsewhere by Blake- 
more & McDougall (unpublished). Here it may be 
pointed out that the resemblance noted between the 
main electrophoretic component of precolostrum and 
the T-component of bovine plasma suggests that the 
precolostrum globulins are secreted from the blood 
stream, a view which is supported by the antibody 
studies of Blakemore (1947). The globulins of pre- 
colostrum resemble those of colostrum, in that a high 
proportion of them are easily salted out; that the 
easily salted-out globulins bear the Brucella agglu- 
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tinins and probably other antibodies of the secretion ; 
and that the main globulin fraction resembles the 
immune globulin of colostrum, in the mobility of its 
main electrophoretic component, its approximate 
molecular weight, and its salting-out limits. These 
similarities support the view on the interrelation of 
precolostrum, colostrum and milk mentioned in the 
introduction, and suggest that an adequate dry 
period is necessary before calving to yield the best 
colostrum. 
SUMMARY 


1. Bovine precolostral globulins contain a high 
proportion of Howe’s (1922) euglobulin and pseudo- 
globulin I fractions, i.e. those most easily salted out. 

2. An easily salted-out immune globulin fraction 
has been prepared by ammonium sulphate precipi- 
tation at 33% saturation. 

3. This fraction contained one electrophoretic 
component with a mobility of 0-2u./sec./V./em. at 4°, 
in phosphate buffer at pH 7-0 and ionic strength 0-1; 
but solubility tests in phosphate buffers indicated 
more than one component. It had an apparent mole- 
cular weight (tentatively proposed) of 300,000, a 
nitrogen content of 15-15% and a partial specific 
volume of 0-723. 

4. The properties of this fraction are discussed in 
relation to the T-component of bovine plasma and 
the immune globulin of bovine colostrum. 


I am indebted to Mr F. Blakemore, Veterinary Investi- 
gation Officer, Institute of Animal Pathology, Cambridge, 
for the supply of material and for the examination of the 
fractions for antibody; to Prof. E. K. Rideal and Dr P. 
Johnson, Colloid Science Department, Cambridge, for 
facilities for and encouragement in much of the physico- 
chemical work in the present investigations, and to Dr E. C. 
Bate-Smith, Superintendent, Low Temperature Research 
Station, Cambridge, for facilities for some of the electro- 
phoresis measurements. 
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A Further Study of Hydrolysates of Gramicidin 


By R. L. M. SYNGE, The Lister Institute of Preventive Medicine, London 


(Received 11 November 1948) 


Most of the following experiments had been done 
before the author learnt that Gregory & Craig (1948) 
had shown that gramicidin, as previously prepared 
and studied, was a mixture of substances. This work 
seems, nevertheless, to be worth reporting, since a 
statement of technical successes and failures and of 
results obtained may prove helpful for future studies 
of individual gramicidins. Furthermore, evidence 
was secured which was very difficult to reconcile 
with the assumption that gramicidin is homo- 
geneous, and which may throw some light on the 
nature of the differences between individual grami- 
cidins. 

The present work is a continuation of work 
with acid hydrolysates of gramicidin previously pub- 
lished (Gordon, Martin & Synge, 1943; Synge, 1944, 
1945a, b). The main object was to ascertain the 
numbers, sequence and optical configuration of the 
different amino-acid residues in the molecule. 


Amino-acid composition : slow liberation 
of valine in acid hydrolysis 


In the first place, acid hydrolysates prepared at 
high temperatures were analyzed for amino-acids by 
the procedure of Gordon e¢ al. (1943) and with closely 
similar results (see Table 2, p. 545). In all, five 
different preparations of gramicidin were compared, 
and no definite differences in amino-acid composition 
were observed. One of the specimens (13941) 
crystallized readily from aqueous ethanol, giving 
chunky, well-formed crystals. Of all specimens 
previously studied, only one had ever yielded such 
crystals, and it had proved impossible to reproduce 
the phenomenon. Crystalline and mother-liquor 
fractions obtained from 13941 by crystallization from 
aqueous ethanol did not differ significantly from the 
parent material in amino-acid composition or optical 
rotation. A countercurrent extraction of 13941 
carried out by Dr Craig confirmed, however, that the 
material was heterogeneous (though containing a 
proportion of gramicidin A rather higher than usual). 
Thus crystallization from aqueous ethanol is no more 
capable of effecting separation of the different 
gramicidins than the usual crystallization from 
acetone. 

On comparing the amino-acid data for different 
conditions of hydrolysis, it is seen that consistently 
more valine is obtained with more vigorous hydrolysis 
(Table 2). Previous valine figures must therefore be 


regarded as too low. Prolonging the period of 
hydrolysis to 48 hr. led to a marked diminution in 
the amount of the second of the two ‘anomalous’ 
bands noted in purifying the leucine fraction (ef. 
Gordon et al. 1943). It is reasonable to suppose that 
the last valine to be liberated is derived from the 
somewhat slow hydrolysis of valylvaline (Christensen 
1943, 1944) and that the second ‘anomalous’ band 
is due to acetylvalylvaline. Dr Gregory (personal 
communication) states that he, too, has isolated 
valylvaline after vigorous acid hydrolysis of grami- 
cidin. He also states that phenylalanine is present as 
a component of gramicidin B; it is presumably a small 
amount of acetylphenylalanine from this source that 
is responsible for the first ‘anomalous’ band. The 
finding of substantial amounts of unhydrolyzed 
peptides after performing hydrolysis under such 
conditions emphasizes the importance, in amino- 
acid analysis of proteins, of demonstrating rather 
than assuming completeness of hydrolysis. The 
revision upwards of the figure for the valine content 
of gramicidin leads to a satisfactory account for its 
entire carbon content, and abolished the need for 
postulating hitherto unrecognized residues (ef. 
Synge, 19455). 

The valine isolated after hydrolysis with hydro- 
chloric acid at 110° for 48 hr. was found to be racemic, 
whereas with hydrolysis for 10 days at 37° followed 
by 48 hr. at 110° there was a marked preponderance 
of D-valine, as in previous work (Synge, 1944). 


Further study of partial acid hydrolysate : 
identification of dipeptides 


The faster running fractions from the starch n- 
butanol-water chromatogram of a 10-day acid 
hydrolysate of gramicidin (Synge, 1944) were sub- 
jected to further qualitative study by published 
methods (Consden, Gordon & Martin, 1944, 1947; 
Sanger, 1945; Porter & Sanger, 1948). It was esta- 
blished that, in addition to the valylglycine (fractions 
26-31) found previously (Synge, 1944), fractions 
21-19 were a mixture of free valine, leucylglycine 
and alanylvaline (and not, as had previously been 
suggested on inadequate grounds, a tripeptide of 
leucine, valine and glycine). Fractions 18-14 con- 
tained free tryptophan and free leucine, fractions 13— 
11 alanylleucine and fraction 10 material apparently 
chromatographically homogeneous with all solvent 
systems tried; this last fraction could have been 
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alanylvalylleucine, alanylleucylvaline or a mixture 
of these. The three newly recognized dipeptides were 
further identified by comparison on mixed chromato- 
grams with synthetic D-leucylglycine, t-alanyl-p- 
valine and L-alanyl-p-leucine. The synthesis of the 
two latter compounds is described in the Experi- 
mental section. 

Table 1 shows the sequence of the different peptides 
and amino-acids on emerging from the original 
starch chromatogram. It should be remembered 
that the substances fractionated were originally in 
the form of their hydrochlorides, which may run in 
a different sequence from free amino-acids and 
peptides (Synge, 1944; Moore & Stein, 1948). 
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peptides (tripeptides, etc.) of leucine, tryptophan and 
valine. 

It is clear that mixtures of peptides of this kind 
(which represent by far the greater part of the 
hydrolysate) cannot be satisfactorily fractionated on 
ordinary silica, paper or starch partition chromato- 
grams. Attempts, following the suggestion of Boscott 
(1947), to hold the less polar phase stationary with 
cellulose acetate as a supporting structure (either in 
the form of Celanese satin or of fully acetylated 
filter paper (cellulose triacetate)) gave disappointing 
results with simple amino-acids and _ peptides. 
Although it was clear from the relative rates of 
movement of the different substances that the less 


Table 1. Products of partial hydrolysis of gramicidin so far identified 


(The compounds are listed in the sequence in which they emerged from the original x-butanol-water-starch chromatogram 


(Synge, 1944). Fraction numbers and Ry values refer to this chromatogram.) 


Amount (N of 
compound isolated 
as % of total N 


Fraction no. Approx. Rf value Compound of gramicidin) Reference 
37-40 0-10 Alanine 2-5 Synge (1944) 
25-31 0-3 L-Valylglycine* Approx. 7 ” 

17-22 05 Valine 0-45 Present work 
(see also Synge, 1944) 
17-22 0-5 L-Alanyl-p-valine* 0-45 ” ”» 
17-22 0-5 p-Leucylglycine* 1-0 * ” 
14-18 0-6 Tryptophan oe ” ”» 
12-16 0-75 Leucine a ” ” 
11-13 0-9 L-Alanyl-p-leucine* Little 7 a 

9-11 1-1 ?(Alanylvalylleucine or alanylleucyl- Little % 9 
valine) 

4-10 1-4 ?(Dipeptides of higher amino-acids, Much sa se 
perhaps including L-valyl-L-valine* 2-6 Christensen (1944) 
and p-valyl-p-valine*) 2-6 ” ”» 

14 2-0 ?(Tripeptides, etc. of higher amino- Much Present work 


acids) 


+ See Martin & Synge (1941). 


Attempted fractionation of peptides present in 
faster running fractions 


It did not prove easy to identify or isolate indi- 
vidual peptides from fractions faster than fraction 10. 
Repeated attempts were made at further fractiona- 
tion on paper chromatograms, but the materials 
either ran very fast in the more polar solvents such 
as phenol and collidine or else tailed very badly or 
did not run at all in the less polar solvents and solvent 
mixtures used (light petroleum, carbon tetra- 
chloride, etc.). Some of the materials also gave very 
poor colours with ninhydrin. This last behaviour is 
typical of higher peptides, but also occurs with 
tryptophyltryptophan (Synge & Tiselius, 1949). An 
impression was gained by hydrolysis of some of the 
fractions, and by comparison with synthetic model 
substances, that the ninhydrin and Ehrlich peak 
around fraction 6 was primarily due to dipeptides 
such as leucylleucine, leucyltryptophan, etc., while 
that around fractions 1 and 2 was due to higher 


* These peptides have been identified conclusively. 


polar phase was being held stationary in the 
chromatograms, excessive ‘tailing’ occurred, which 
may be attributed to adsorption effects on the 
cellulose acetate in the presence of such solvents as 
butanol and collidine. Perhaps better results may be 
obtained with rubber as a stationary phase as in the 
latex-impregnation technique of Boldingh (1948). 
Another promising approach to this problem is to 
use bulk countercurrent liquid extraction as used by 
Craig and his co-workers. This may largely eliminate 
undesirable effects due to adsorption, and permits 
working with partition coefficients more favourable 
to the less polar phase. The use of charcoal-adsorp- 
tion methods may also facilitate separation of the 
peptides according to their tryptophan content, for 


" which partition methods with the usual solvents are 


not very suitable (see Synge & Tiselius, 1949). 
Ionophoresis (Consden, Gordon & Martin, 1946) of 
the peptides, their acyl or N-2:4-dinitrophenyl 
derivatives in gels shows promise as a method for 
achieving fractionation according to ionic mobility, 
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which is an inverse function of molecular size. Thus 
leucine could be separated from leucylleucine or 
leucyltryptophan by ionophoresis of the dinitro- 
phenyl derivatives in silica gel containing 0-2m- 
sodium acetate buffer at pH 6. The dinitrophenyl- 
peptides moved towards the anode at about half the 
rate of the dinitrophenylleucine. The true difference 
in ionic mobility is not of course so great since 
the substances were migrating against the electro- 
endosmotic stream, and adsorption effects may also 
have contributed. 


Optical form of amino-acids from different peptide 
fractions : an ultramicromethod for its determination 

In view of the interest attaching to the optical form 
of the amino-acids isolated after acid hydrolysis of 
gramicidin and other bacterial substances, it seemed 
important to ascertain the configuration after 
hydrclyzing further the individual partial hydrolysis 
products. 

A semi-quantitative micromethod was developed 
based on the specificity of the D-amino-acid oxidase 
of kidney. Spots of an individual amino-acid, after 
separation on a paper chromatogram from other 
components of the mixture, were sprayed with a 
solution of the purified enzyme, and the extent of the 
attack on the amino-acid was gauged by comparing 
the spot with a number of control spots of optical 
antipodes of the same amino-acid mixed in varying 
proportions. The method requires as little as 30 yg. 
of the amino-acid under examination. Jones (1948) 
has mentioned its use in a study of the hydrolysis 
products of ‘aerosporin’ (polymyxin). In the present 
work it has given satisfactory results with leucine 
and valine. It is not suitable for detecting small pro- 
portions of D-isomer mixed withexcess of L-isomer, for 
which purpose L-amino-acid oxidases may in future 
prove useful. Obviously, the spraying of paper 
chromatograms with enzyme solutions is capable of 
innumerable other applications. 

The experiments on the complete acid hydrolysates 
of the leucylglycine, alanylvaline and alanylleucine 
isolated as described above indicated, as expected, 
that the leucine from the leucylglycine and alany]l- 
leucine was largely the p-form. The valine from the 
alanylvaline proved to be predominantly the p- 
isomer. All these products were, however, to a con- 
siderable extent racemic (see Table 4). It was con- 
firmed by the new method that the valine from the 
valylglycine (Synge, 1944) was predominantly the 
L-form. Alanine appeared to be predominantly the 
L-isomer. 

Thus different partial hydrolysis prceducts have 
been isolated yielding respectively an excess of 
L-valine (L-valylglycine by Synge, 1944; and L- 
valyl-L-valine by Christensen, 1944) and of p-valine 
(L-alanyl-D-valine in the present. work and D-valyl- 
D-valine by Christensen, 1944). If one starts from 


SYNGE 1949 


conventional premises it may be argued that valine 
residues of each of the two antipodal forms exist 
preformed in one or more of the molecular species 
constituting ‘gramicidin’. However, amore cautious 
interpretation seems advisable in view of the fact 
that most of the products, whose optical character 
has been determined so far, are partly racemic. As 
previously implied in a footnote (Synge, 1944) and 
more explicitly stated by Neuberger (1948) there isno 
reason why a process similar to that which induces 
simple racemization in a free amino-acid in the 
presence of mineral acid should not, when the same 
residue still exists in peptide linkage with other 
optically active amino-acid residues, cause epi- 
merization or inversion of the residue in question. It 
is not justifiable, therefore, in the present state of 
our knowledge to deduce rigorously from the optical 
configuration of free amino-acids found in hydroly- 
sates the configuration of the corresponding residues 
in the intact molecule. Extensive model experiments 
with optically active peptides are required. 


Conclusion 


When it appeared reasonable to suppose that 
gramicidin was a single homogeneous substance, it 
was argued that, since the molecule could not 
contain more than two glycine residues, and since 
more than half the total glycine had actually been 
isolated as valylglycine, all the glycine residues must 
occur linked to valine through their amino groups 
(Synge, 1944). This view became untenable when 
leucylglycine was found to occur in the same partial 
hydrolysate with valylglycine. Gregory & Craig’s 
(1948) demonstration of the heterogeneity of grami- 
cidin resolves this difficulty. It would be the part of 
wisdom to expect similar anomalies in studies of 
partial hydrolysis of ‘pure’ proteins as evidence 
accumulates that calls for scepticism as to their 
homogeneity. 

At the present time it is impossible to put forward 
any extensive hypothesis as to the structure of 
individual species of gramicidin on the basis of 
partial hydrolysis studies made with the mixture. All 
that can be done is to list the peptides so far identified 
in partial hydrolysates of mixed material, with their 
probable optical configurations. This is done in 
Table 1, where those peptides that have been 
conclusively identified are marked with an asterisk. 
Future studies of partial hydrolysates of individual 
gramicidins will be required for further progress 
towards determining sequences of amino-acid 
residues. 


EXPERIMENTAL 


Melting points are uncorrected. Optical rotations 
were determined in a 0-5 dm. tube. Carbon and 
hydrogen determinations were by Drs Weiler and 
Strauss, Oxford. 
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Materials 


Gramicidin specimens W, and R, (Synge, 1944, 1945a, b; 
Synge & Tiselius, 1947) were studied together with a batch 
of acetone-recrystallized gramicidin (no. 13941) kindly 
supplied by the Wallerstein Company, New York, during 
1945. As already mentioned, this material differed from 
previously studied preparations in crystallizing fairly readily 
from aqueous ethanol, on allowing slow evaporation of the 
solution. Specimens of the resulting crystals (13941 X) 
and mother liquor (13941 ML) were separated after about 
half of the material had crystallized. Optical rotations 
(c, 1-5 in 94-5 % (w/v) aqueous ethanol) were as follows: 
Wz, [x] >” +3°; Rg, [a]7 +5°; 13941, [a]? +6°; 13941 X, 
[a] +4°; 13941 ML, [x]3*°+2° (calculated for materials 
dried to constant wt. in a vacuum desiccator over H,SO, and 
soda lime at room temperature). 

The fractions obtained (Synge, 1944) by starch partition 
chromatography (n-butanol-water) from a hydrolysate of 
gramicidin R, were further studied. Hydrolysis had been 
in equal volumes of 10N-HCl and glacial acetic acid for 
10 days at 37°. Fractions are numbered as in the original 
paper. 


Optical rotation of valine specimens 


Acetylvaline, isolated by partition chromatography as 
above from hydrolysates of gramicidin (13941), was hydro- 
lyzed with 6N-HCl for 24 hr. at 110°. The product was 
evaporated to dryness and weighed. From the weight of 
valine HCl found, the weight of valine present was calculated. 
The optical rotation of the product was determined. Results 
are shown in Table 3. 
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Table 3. Optical rotation of valine isolated from 
gramicidin after hydrolysis 


(Hydrolysis in acetic acid+3-5 vol. of 6N-HCI. [«]p 
measured in 6N-HCIl.) 


Duration and temp- Temp. 


erature of hydrolysis []p (°) 
24 hr. at 110° -1 
48 hr. at 110° +0 
10 days at 37° followed -—6 
by 48 hr. at 110° 


Study of fractions obtained from n-butanol-water 
starch partition chromatogram of partial hydrolysate 
(Synge, 1944) 


In general, small portions of these fractions were subjected 
to further study on paper chromatograms. Amino-acids and 
peptides were made visible by spraying with ninhydrin, 
tryptophan compounds by Ehrlich’s reagent (cf. Synge & 
Tiselius, 1949). In addition, observation of the chromato- 
grams in ultraviolet light showed the presence of a variety of 
intensely fluorescent substances that did not colour either 
with ninhydrin or Ehrlich’s reagent. They ‘tailed’ consider- 
ably and amino-acids and peptides either displaced them or 
quenched their fluorescence. These fluorescent spots thus 
served as markers for cutting the chromatograms. They were 
thought to be breakdown products of tryptophan. After 
hydrolysis of peptide material, constituent amino-acids were 
detected routinely on n-butanol-H,0 one-dimensional 
chromatograms with Munktell OB paper. All five amino- 
acids could readily be identified in this way, tryptophan 
falling conveniently between leucine and valine. 


Table 2. Amino-acid analyses of gramicidin hydrolysates, with varying hydrolysis conditions 


(Amino-acid figures are N as % of total N of gramicidin (Kjeldahl-Friedrich).) 


Gordon e¢ al. 
(1943) 
0-8 ml. acetic 


acid; 3-0 ml. 
6n-HCl 


Synge (1944) 


0-8 ml. acetic 
acid 3-0 ml. 
5 N-HCl 


Hydrolysis 
mixture 


Present work 


0-8 ml. acetic acid; 3-0 ml. 6N-HCl 


100° 110° 


Temperature 110° 


— = = =" 


Duration (hr.) ... 48 24 24 48 

ee seatiiee \ ‘ Rain re a. 
Specimen 25) W, Various R; R; W, We. R; Rs We W, 13941 1394113941 X 13941 X 13941 ML 13941 ML 
eu 23-5* 20-0-21-6 20-0 21-0 20-0 20-3 19-8 20-4 20-8 206 19-6 19-7 203 203 20-4 20-6 
Valine N 139 15:7 15-6-17-0 15-9 16-4 16-9 15-8 18-3 18-1 18-7 186 179 183 184 185 18-9 17:3 
Tryptophan N 384 41-1 335-448 37-5 38-0 40-0 40-5 32-8 35-1 40-5 39-7 35-4 363 366 35-7 31-6 33-6 
Alanine N 10-1 11-7 98-1155 10-4 9-9 10-4 103 10-0 10-1 10-4104 99 98 ‘§ 10-0 10-0 10-2 
Glycine N 7-4 7-8 50-80 55 55 56 51 55 52 





Leucine N 25.2 


9-7 
53 45 52 52 53 5-4 6-0 6-5 


* Before chromatography with chloroform. 


Amino-acid analysis of gramicidin specimens 


Specimens were hydrolyzed in hot HCl-acetic acid, acety- 
lated and analyzed for component amino-acids by partition 
chromatography on silica gel exactly as described by Gordon 
et al. (1943). The results are shown in Table 2 corrected (as 
previously) by the recovery factors for a known mixture of 
acetamido-acids, subjected to exactly the same procedures 
and reagents. As before, the same anomalous bands were 
noted in the CHCl, chromatography of the leucine fraction. 
In the 48 hr. hydrolysates, the anomalous band running 
behind the leucine band had become very much fainter. 
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Fractions 21-19. These fractions had already been pooled 
(Synge, 1944) and were known to yield valine, leucine and 
glycine, with smaller amounts of alanine on complete acid 
hydrolysis. The material in the pooled fractions seemed best 
further fractionated with collidine. Paper chromatography 
with this solvent revealed free valine and, ahead of it, two 
spots very close to one another. These were so close that it 
was not easy to cut them apart. Accordingly, the two com- 
pounds were isolated together by running several one- 
dimensional chromatograms in parallel, and eluting them 
with water after cutting away from free valine, etc. The 
extract was subjected to hydrolysis, with and without 
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previous deamination by nitrous fumes according to Consden 
et al. (1947). The hydrolysate showed leucine and glycine as 
main and alanine and valine as subsidiary components. 
Deamination abolished the leucine and alanine. This sug- 
gested that the major component of the mixture was leucyl- 
glycine and the minor component alanylvaline. The identi- 
fication of the residues bearing the free amino groups was 
confirmed by treatment of the material with 1:2:4-fluoro- 
dinitrobenzene according to Sanger’s (1945) techniques. 
After acid hydrolysis V-2:4-dinitrophenylleucine and N-2:4- 
dinitrophenylalanine were identified qualitatively by mixed 
chromatography on narrow silica gel columns. Finally, the 
identity of the peptides was confirmed by running mixed 
paper chromatograms with synthetic D-leucylglycine 
(Hofmann-La Roche) and L-alanyl-p-valine (see below) with 
n-butanol and s-collidine as solvents. At the same time it was 
established that in collidine leucylglycine is the faster moving 
of the two peptides. From the amino-acid analysis of the 
material in fractions 19-21 (Synge, 1944) it is reasonable to 
deduce that the free valine embodies 0-45 % of the N of the 
original gramicidin, the leucylglycine 1-0 % and the alanyl- 
valine 0-45%. 

Fractions 18-14. Paper chromatography with n-butanol, 
collidine, ete. of test portions of these fractions before and 
after acid hydrolysis showed the presence of free leucine 
and free tryptophan, the leucine predominating in the 
earlier fractions (14-16) and the tryptophan in the later 
fractions (17-18). There was also some overlap of alany]- 
leucine (see p. 547) into the earlier fractions and of 
leucylglycine into the later fractions. No other components 
were recognized. 

Fractions 13-11. Paper chromatography with n-butanol 
(after neutralization with NH, vapour) showed a common 
constituent in all these fractions. In fraction 13 it was con- 
taminated with free leucine (which ran somewhat faster than 
the unknown compound) and in fraction 11 it was contami- 
nated with the faster-running peptide material also present 
in fraction 10. From Fraction 12, however, only a single spot 
resulted with a variety of solvents. Fraction 12 was accor- 
dingly studied without further fractionation. On acid 
hydrolysis, the material yielded alanine and leucine only. 
With previous deamination, the alanine spot was weakened, 
though not abolished. However, the fluorodinitrobenzene 
procedure yielded only dinitrophenylalanine and no dinitro- 
phenylleucine. Accordingly the material was compared by 
mixed paper chromatograms using both n-butanol and 
s-collidine with synthetic L-alanyl-p-leucine (see p. 547) with 
which it appeared to be identical. 

Fraction 10. The material in this fraction gave only a single 
spot with ninhydrin on paper chromatography with a very 
wide variety of solvent mixtures. On acid hydrolysis, it 
showed alanine, valine and leucine as spots of roughly equal 
intensity. Previous deamination relatively weakened, but 
by no means abolished the alanine spot. The fluorodinitro- 
benzene procedure yielded only dinitrophenylalanine. Since 
the material could not be alanylleucine or alanylvaline, both 
of which, as hydrochlorides, had run more slowly on the 
original starch chromatogram and, as free peptides, on paper 
with n-butanol, it is suggested that it may be alanylvalyl- 
leucine or alanylleucylvaline or a mixture of both these 


peptides. 





Synthesis of t-alanyl-p-valine 


Carbobenzyloxy-L-alanine was prepared (Bergmann & 
Zervas, 1932) from t-alanine (made by resolution of DL- 
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alanine according to Pope & Gibson (1912; ef. Fischer, 1899). 
Carbobenzyloxy-L-alanine (0-645 g.) was allowed to react in 
6 ml. dry ether with 0-5 g. PCI, at first at 0° and then at room 
temperature until all the PC], had dissolved. The resulting 
solution was washed quickly with ice water twice, and the 
ethereal solution of the acid chloride was then allowed to 
react for 2 hr. at room temperature with 0-55 g. p-valine 
methyl ester in the presence of saturated aqueous KHCO,. 
The ester (not characterized) had been prepared from D-valine 
exactly as described by Synge (1948) for L-valine methyl 
ester. The ether layer was then washed successively with 
dilute HCl and KHCO, and water, dried lightly over Na,SO,, 
and on evaporation to dryness yielded a residue crystallizing 
readily from ether-light petroleum. Melting point and 
rotation were constant after one recrystallization (yield of 
recrystallized product, 0-3 g.). 

Carbobenzyloxy-L-alanyl-p-valine methyl ester had m.p. 
89-90°, [aJ7**’+1° (c, 1-4, ethanol). (Found: C, 60-7; H, 
7:2; N (Kjeldahl) 8-5. C,,H,,0;N, requires C, 60-7; H, 7-1; 
N, 83%.) 

This compound was saponified by dissolving 0-27 g. in 
3 ml. dioxan and adding 2 ml. 1-2n-NaOH. The mixture was 
gently shaken until homogeneous, and kept for a further 
0-5 hr. at room temperature. The mixture was then largely 
diluted with water, acidified with 0-5 ml. 10N-HCl (no preci- 
pitation occurred) and extracted with ether. The residue 
from evaporation of the ether extract (carbobenzyloxy-t- 
alanyl-p-valine) could not be brought to crystallization, and 
was accordingly reduced with Pd-H, in the usual way, after 
dissolving in a mixture of 10 ml. methanol, 1 ml. glacial 
acetic acid and 2 ml. water. After removal of Pd and repeated 
evaporation with water there was obtained a colourless, 
glassy residue (0-20 g.) of t-alanyl-p-valine. The product 
would not crystallize from water-ethanol-ether, nor on 
keeping in a desiccator, but crystallized slowly in rosettes 
(evidently with water of crystallization) on keeping in the 


laboratory air. Paper chromatography indicated that the. 


material was contaminated with a trace of free alanine, but 
was otherwise homogeneous. Ry, values, comparable with 
the data of Consden et al. (1947), were, for n-butanol-water 
(with HCN) 0-21, and for s-collidine-water, 0-53. [a] ) +35° 
(c, 2-8, water) (calculated, from N content of solution, for 
the anhydrous peptide.) Air-dry crystals were analyzed. 
(Found: C, 47-1; H, 8-8; N (Kjeldahl), 13-6; amino N (Van 
Slyke, 4 min.) 52% of total N. C,H,,O,N,.H,O requires 
C, 46-6; H, 8-7; N, 13-6 %; amino N 50 % of total N.) 


Synthesis of t-alanyl-D-leucine 


Carboberzyloxy-L-alanyl chloride prepared from 0-7 g. 
carbobenzyloxy-t-alanine was allowed to react in 6 ml. of 
washed ether solution in the presence of saturated aqueous 
KHCO, with p-leucine methyl ester that had been liberated 
with K,CO, in the usual way from 0-8 g. of its hydrochloride 
(Smith & Brown, 1941). After 1-5 hr. at room temperature 
the ether layer was separated, washed successively with dilute 
HCl and KHCO, solutions and with water, dried lightly over 
Na,SO, and on evaporation yielded 0-87 g. of syrup which 
could be crystallized from ether-light petroleum. The 
resulting carbobenzyloxy-L-alanyl-p-leucine methyl ester after 
two crystallizations (yield 0-71 g.) had m.p.. 71-73°, 
[«]??*° +10° (c, 1-6, ethanol). (Found: C, 61-6; H, 7-5; 
N (Kjeldahl) 7-9. C,,F{.,0;N, requires C, 61-8; H, 7:4; 
N, 8-0 %.) 
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This compound was saponified by dissolving 0-37 g. in 
3 ml. dioxan and adding 3 ml. n-NaOH. The mixture was 
kept for 0-5 hr. at room temperature after it had become 
homogeneous: 30 ml. water was then added, followed by 
4 ml. n-HCl. An oil precipitated which crystallized on 
keeping at 0°. Recrystallization to constant m.p. and 
rotation was effected from methanol-water. The product 
(0-22 g.), characterized after drying in a vacuum desiccator 
at room temperature, appeared to be a hydrate of carbo- 
benzyloxy-L-alanyl-p-leucine: m.p. 57-59°; [a]? +0° (c, 
1-9, methanol). (Found: C, 58-1; H, 7-4; N (Kjeldahl), 7-6 %; 
acid equiv. wt., 348. C,,H,,0;N,.H,O requires C, 57-7; 
H, 7-4; N, 7-9 %; acid equiv. wt. 354.) 

This material (0-17 g.) was reduced with Pd-H, as above. 
The crystallization behaviour of the resulting glassy L-alanyl- 
p-leucine was similar to that of L-alanyl-p-valine, the peptide 
crystallizing over aqueous acetic acid, but not in the labora- 
tory air nor in the desiccator. The material appeared homo- 
geneous by partition chromatography on paper. Rp values 
comparable with those given by Consden et al. (1947) were, 
for n-butanol-water (with HCN), 0-33 and for s-collidine- 
water 0-60; [a]>° +50° (c, 1-9, water) (calculated for the 
anhydrous peptide from N content of solution). Air-dry 
crystals were analyzed. The data suggest the presence of 
both acetic acid and water of crystallization. (Found: 
C, 43-7; H, 8-1; N (Kjeldahl), 9-5 %; amino N (Van Slyke, 
4 min.), 49 % of total N. C,H,,0,N,.C,H,O,.2H,O requires 
C, 44:3; H, 8-7; N, 9-4 %; amino N, 50 % of total N.) 


Ultramicrodetermination of the optical configuration 
of valine and leucine: results with peptides from 
gramicidin 


In preliminary trials it was found essential to purify the 
D-amino-acid oxidase considerably before use, in order to 
eliminate impurities giving colours with ninhydrin. It was 
also found necessary to allow the enzyme reaction to proceed 
on paper that is thoroughly wet. ‘I'he time of reaction should 
therefore be limited, since the amino-acids in the spots diffuse 
freely under these conditions. 

The following procedure was found satisfactory. The 
kidneys of freshly slaughtered sheep were worked up for 
D-amino-acid oxidase according to Negelein & Brémel (1939). 
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level directly proportional to the amount of solution sub- 
jected to test. This indicates a yield of enzyme closely similar 
to that described by Negelein & Brémel. 

For carrying out the assay, the peptides to be tested were 
hydrolyzed in excess of 6N-HCl in sealed evacuated tubes for 
48 hr. at 110°. The hydrolysate was evaporated to dryness 
in vacuo, and the residue was dissolved in such a volume of 
water as would give a 0-2-0-4 % (w/v) solution of the amino- 
acid to be assayed. Spots of this solution (each 5 pl.) were 
placed on at least two different sheets of filter paper. Beside 
the spot on the first sheet were placed 5 pl. spots of solutions 
of different strengths of the amino-acid undergoing assay. 
The spots were developed (after neutralization with NH, 
vapour) as parallel one-dimensional chromatograms with 
n-butanol-water. On subsequent colouring with ninhydrin, 
the concentration of the test solution in respect of the amino- 
acid being studied could be assessed. Solutions of the same 
amino-acid were then made up, having the same total 
amino-acid concentration, but different proportions of the 
D- and L-isomers. Solutions used were pure D-, 25% L-, 
DL-, 75 % L-, and pureL-. 5 yl. spots of each of these solutions 
were then placed beside the spot of test solution on the 
second sheet, and the chromatograms were developed with 
n-butanol-water after neutralization with NH, as above. 
Care was taken to develop far enough to get wide separation 
of the leucine and valine spots. After development, the sheet 
of paper was dried in the air, and sprayed as evenly as 
possible with the enzyme solution (pH 8-3). It was important 
to wet the whole of the sheet during the spraying, otherwise 
the enzyme solution moved from one part of the paper to 
another, carrying the amino-acid spots with it. The wet sheet 
was hung up at 37° in an atmosphere of O, rendered moist by 
bubbling through the m/15 pyrophosphate buffer. After 
2-5 hr. the sheet was dried at 37°, and sprayed with 0-1 % 
(w/v) ninhydrin in a mixture of 4 vol. n-butanol and 1 vol. 
acetic acid. The sheet was then hung in the hot room (37°) 
for the colour to develop (1-2 hr.). Spots of pure p-leucine 
and p-valine were completely abolished by this treatment, 
whereas the L-isomers survived. It was possible to form 
rough estimates of the proportion of the isomers by com- 
paring the test spot with the control spots. It was felt that 
estimates where L-isomers predominated were less accurate 
than those where D-isomers predominated. Results with the 
hydrolysates are shown in Table 4. 


Table 4. Proportions of D- and L-isomers of leucine and valine in hydrolysates of peptides from gramicidin 





Leucine Valine 
b c See <A \ 

Fraction no. Peptide present % D- % L- % D- % L- 
26-30 (Synge, 1944) Valylglycine — _ 10 90 
19-21 (peptides only) Alanylvaline, leucylglycine 65 35 80 20 

12 Alanylleucine 90 10 — —_— 

10 (?Alanylvalylleucine, ?Alanylleucylvaline) 90 10 60 40 

The preparation was taken to ‘Schritt 5’. The material SUMMARY 


precipitated at this step was not, however, dried, but was 
dialyzed free of (NH,),SO, against several changes of Negelein 
& Brémel’s pyrophosphate buffer (M/15, pH 8-3). The product 
from five kidneys, on diluting the bag contents with the same 
buffer solution to 50 ml. and adding a saturating amount of 
coenzyme (flavin-adenine-dinucleotide) was used for spraying 
the paper chromatograms: 0-1 ml. of this solution gave, in 
Negelein & Brémel’s manometric test with pL-alanine, an 
uptake of 34 yl. O, in 10 min., the rate of uptake being at this 


1. Quantitative amino-acid analysis of hydroly- 
sates of gramicidin has shown that valine is liberated 
excessively slowly in acid hydrolysis. Previous 
valine figures are too low; with higher valine figures 
the data obtained with the fission products account 
satisfactorily for the elementary composition of 
gramicidin. 


35-2 
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2. Further examination of the partial hydrolysate 
of gramicidin studied by Synge (1944) has led to 
isolation and recognition of the dipeptides p- 
leucylglycine, L-alanyl-D-valine and _ tL-alanyl-p- 
leucine. The synthesis of the two last compounds 
is described. 

3. Technical problems of fractionating the more 
complicated peptides in the partial hydrolysate are 
discussed, and some possible new approaches to the 
problem are suggested. 

4. An ultramicromethod for assessing the optical 
configuration of individual amino-acids has been 
developed and applied to leucine and valine. The 
amino-acids are separated on paper chromatograms, 
which are then sprayed with a solution of D-amino- 
acid oxidase from kidney. 
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5. The partial hydrolysis products of gramicidin 
so far recognized, and the optical form of the amino- 
acids isolated from them and from gramicidin, are 
discussed with reference to Gregory & Craig’s (1948) 
demonstration of the heterogeneity of gramicidin and 
to the problem of racemization, epimerization and 
inversion in the hydrolysis of peptides. 


I am grateful to Mrs V. M. Berger for technical assistance 
and to Dr D. Herbert for advice and help with the 
enzyme work. I also wish to thank Dr Lyman C. Craig for 
fractionating a specimen of gramicidin in his apparatus, 
Dr A. R. Urquhart, of Messrs Lansil Ltd., Lancaster, 
for acetylating filter paper for me, and Messrs British 
Celanese Ltd., Spondon, Derby, for a gift of cellulose 
acetate specimens. 
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A Study of the Acidic Peptides Formed on the 
Partial Acid Hydrolysis of Wool 


By R. CONSDEN, A. H. GORDON* anp A. J. P. MARTIN 
Wool Industries Research Association, Headingley, Leeds 6 


(Received 26 May 1948) 


It has been accepted for many years that proteins 
consist of chains of amino-acids in peptide linkage, 
and that the partial hydrolysis products of proteins 
consist of a complicated mixture of amino-acids and 
peptides of various lengths. However, very few 
studies of the actual peptides present in the partial 
hydrolysis product of any given protein have, in 
fact, been made (see Synge, 1943). This has been due 
to the lack of methods for the separation and analysis 


* Present address: Carlsbergfondets, Biologiske Institut, 
Tagensvej, Copenhagen, Denmark. 

+ Present address: Lister Institute of Preventive Medi- 
cine, London, 8.W. 1. 


of complicated mixtures of peptides. Recently 
Consden, Gordon & Martin (1947) have developed 
such methods, and Consden, Gordon, Martin & Synge 
(1947) have applied these methods to the mixture 
formed by the partial acid hydrolysis of gramicidin § ; 
many of the products in that mixture were identified. 

The study reported here is of the vastly more 
complicated mixture produced by the acid hydrolysis 
of wool. The problem is confused in the case of wool 
by uncertainty as to the number of molecular species 
which are, in fact, present in the wool. Thus, wool 
has been broken up into fractions containing widely 
varying proportions of various amino-acids (for 
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bibliography and discussion see Geiger, 1944; 
Lindley, 1947; Mercer & Rees, 1946), though 
Farrant, Rees & Mercer (1947) have obtained elec- 
tronmicrographs for wool degraded by mechanical 
or enzyme action which suggests that both the proto- 
fibrils and matrix material which together make up 
the cortical cells consist of similar approximately 
spherical particles. There is thus no certainty as to 
how many proteins exist in wool and it is clearly 
desirable that such products should be analyzed as 
soon as they can be separated. Since adequate 
methods of separation, or even of identification, are 
lacking at present, it has seemed best at this stage 
to examine whole wool to provide at least some 
experimental data which could be compared with 
those expected on the rather speculative hypotheses 
of the structure of wool which have already been put 
forward (Astbury, 1943). 

The first objective of this investigation was to 
demonstrate in a preliminary way the presence of as 
many peptides as possible in partial hydrolysates of 
wool rather than to confine attention to the rigorous 
identification of a few products. The number of 
peptides involved is, in fact, so large that identifi- 
cation by classical means would be excessively 
laborious, even if it were possible. 

The methods adopted have been preliminary 
separation by ion-exchange resins, followed by iono- 
phoresis, which separates the peptides into groups 
having similar mobilities in an electrical field. These 
groups wereexamined by two-dimensional chromato- 
graphy, and numerous fractions were obtained. These 
fractions were hydrolyzed and the amino-acids 
present identified. Further, those amino groups 
which are not involved in peptide linkage were 
destroyed by deamination and an examination was 
then made of the amino-acids remaining after 
hydrolysis. In many cases, the results obtained 
indicate that the fractions consist either of single 
peptides or of mixtures of a few simple peptides. 
These conclusions have been confirmed in some cases 
by comparison with synthetic peptides, which 
showed chromatographic and ionophoretic pro- 
perties identical with those of the isolated material. 
In other cases where synthetic material was not 
available confirmation of assigned structures was 
obtained by comparison with nearly related peptides, 
which were found to have the expected differences 
in properties. 

The only pretreatment which the wool had 
received was the removal of the tips which are known 
to contain cysteic acid (Consden, Gordon & Martin, 
19466) and other decomposition products of cystine 
resulting from the action of light, air and weather 
(Race, Rowe, Speakman & Vickerstaff, 1938). 

As previous work on partial hydrolysates of wool 
had given some indication of their extreme com- 
plexity (Gordon, Martin & Synge, 1941) the present 
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investigation was limited to acidic peptides con- 
taining dicarboxylic amino-acids: a preliminary 
account of part of this work has already been given 
(Martin, 1946). The acidic rather than the neutral or 
basic fractions were investigated because acidic 
peptides can be more completely separated by iono- 
phoresis: they show little or no tendency to be 
adsorbed by silica jelly and, since at neutrality they 
move ‘against the direction of electroendosmotic 
flow, their net travel and therefore their separation 
in a jelly of given length is greater than that of either 
the neutral or basic peptides. Also, these peptides 
are easier to investigate by paper chromatography 
than those containing bases, which are liable to form 
elongated spots due to adsorption on the paper, or 
than the neutral peptides, some of the R, values of 
which are known to be too high for convenient 
separation in the solvent systems at present 
commonly used. 

The intensity of the ninhydrin spots of the amino- 
acids produced after hydrolysis of the peptides 
isolated from the paper chromatograms provides a 
rough means of estimating the amounts of the 
peptides. For this purpose the intensities were 
compared with those given by known amounts of 
amino-acids. As the ionophoretic band of glutamyl- 
glutamic acid contained no other peptide or amino- 
acid, it was possible to estimate this material 
directly ; attempts to isolate the peptide from the 
hydrolysate, by chromatography on Amberlite 
IR-—4 resin, were unsuccessful since it travelled with 
the aspartic acid. The other peptides moved, as 
expected, ahead of the glutamic acid since carboxyl 
groups in peptides are weaker than those in the 
corresponding amino-acids (Edsall, 1943). In the 
case of glutamylglutamic acid this weakening is more 
than counterbalanced by the extra carboxyl group. 


EXPERIMENTAL 


Preparation of wool. The wool used was New Zealand 
Corriedale 56’s quality. After removing the tips of the fibres 
it was extracted with light petroleum (b.p. 40-60°) and 
rinsed. in water. 

Techniques and preliminary experiments. Samples of wool 
hydrolyzed for 1, 3, 7 and 30 days were subjected to two- 
dimensional chromatography. The 3-day hydrolysate was 
found to give the largest number of spots in the appropriate 
part of the chromatogram of an intensity suitable for 
analysis, and was chosen for further investigation. Two 
similar 3-day partial hydrolysates of wool were investigated, 
but only the second experiment is described here in detail. 
In the first experiment, ionophoretic fractions were investi- 
gated mainly by one-dimensional chromatography and this 
served to identify a number of peptides. When the work was 
repeated using mainly two-dimensional chromatography, 
many more peptides were identified owing to the much 
improved separation. 

In the second experiment the successive stages in the 
analysis are shown in Fig. 1. A preliminary separation of the 
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acidic peptide fraction was carried out by chromatography on 
Amberlite IR-4 (Consden, Gordon & Martin, 1948). Most of 
the HCl was removed in the desalting apparatus (Consden, 
Gordon, Martin & Synge, 1947) as in this way a much higher 
ratio of hydrolysate to resin could be used. After elution with 
acid from the Amberlite column, the solution was again freed 
from all but traces of HCl in the desalting apparatus. The 
material was then subjected to ionophoresis (Consden, 

xordon & Martin, 1946a). As all the basic and neutral 


Wool 
Hydrolysis 
Desalting 


Amberlite IR-4 


Acidic peptides Neutral 
and basic 
Desalting peptides 





lonophoresis 
Fractions A-J 
Acetate removal 


Desalting 


Separation by two-dimensional 


chromatography 
Hydrolysis Deamination and 
hydrolysis 
Identification Identification 
by by 
chromatography chromatography 


Fig. 1. Successive stages of analysis 
of peptide mixtures. 


peptides and amino-acids had been removed by the Amber- 
lite treatment it was possible to carry out a successful iono- 
phoretic separation of much more material than in the first 
experiment, where no preliminary fractionation had been 
employed. Finally, the ionophoretic fractions were worked 
up and examined by partition chromatography on paper, 
the solvents used being chosen after various preliminary 
trials in one dimension. In the following pages, ‘phenol’ 
denotes phenol saturated with water, used in an atmosphere 
of coal gas and NHsz, the latter produced from a 0-3% 
aqueous solution on the floor of the chamber. ‘Collidine’ 
denotes s-collidine, saturated with water and used in an 
atmosphere containing a trace of diethylamine produced 
from a 0-1 % aqueous solution. For ionophoresis, a modifi- 
cation of method B of Consden et al. (1946a) was employed. 
Instead of using microscope slides to support the glass lid, 
the latter was made wide enough to rest on the sides of the 
trougk as shown in Fig. 2. In this way the jelly surface can 
be exposed at the end of the ionophoresis by sliding off the 
lid without removing either side bar. After a run of several 
days, it may be necessary to initiate the sliding by tapping 
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with a wooden mallet. The trough, which was 100 x 15 x 0-48 
em., was filled with the silicate solution with the lid already 
in position. For preparing buffered silicate at pH c. 7, sodium 
silicate (93 ml. containing approximately 0-33 g. SiO,/ml.) 
was mixed with water (510 ml.) and N-acetic acid added 
(201 ml.). This solution set in 5 min. The jelly produced is 
fairly stiff and, after removal of the lid, gives a smooth 


surface from which satisfactory prints can be taken. Pre-. 


liminary triais to obtain this setting time are necessary 
owing to variations in the silicate solutions. It was found 
that the setting time is considerably shortened by the 
presence of a large quantity of hydrolysate; hence the 
silicate concentration in the gutter was about 20 % less than 
in the main jelly. 


Lid Jelly 





Cooling’ 0 5 10 
eee SS 
water ¥ 
Fig. 2. Cross-section of ionophoresis trough showing 


position of lid. 


Investigation of 3-day hydrolysate. Wool (9 g.) was hydro- 
lyzed with 10N-HCl (100 ml.) at 37° for 72 hr. HCl was 
removed from the solution by distillation in vacuo below 
40° followed by treatment in the desalting apparatus. Much 
of the colour was thereby removed. After filtration the 
solution contained 1-29 g. N (Kjeldahl). The solution was 
divided into two equal portions, I and II, each of which was 
treated as follows: After concentration in vacuo to 15 ml., the 
solution was adjusted to pH c. 4 with N-HCl (1-5 ml.) and 
transferred quantitatively to a column of Amberlite IR-4 
(height 30 cm., diam. 1-5 cm.) prepared and adjusted to 
pH 3-4 as described by Consden et al. (1948). The column 
was then washed with water. The first 80 ml. of eluate 
appeared to contain all the neutral and basic, but no acidic, 
amino-acids and peptides, as shown by paper chromato- 
graphy; a further 20 ml. contained a negligible amount of 
N only. The column was then eluted with N-HCl, the removal 
of the pigment band serving as indication of complete 
elution. The N distribution of the two fractions are given 
in Table 1. To obtain blanks, the whole procedure was 
repeated omitting the hydrolysate. Blank (i) is the N washed 
out at pH 3—4 and blank (ii) is the N washed out by n-HCI. 


Table 1. N distribution of two portions of wool 
hydrolysate after Amberlite separation 
Portion I Portion II 
(N found) (N found) 
—— | ie, 
% of (% of 
(mg.) total) (mg.) total) 
Neutral and _ basic 448-6 70-4 440-6 70-0 
fraction less blank 
i 
Acidic fraction}less 188-3 29-6 188-3 30-0 
blank (ii) 
Total 636-9 — 628-9 — 
Recovery (%) (98-6) — eS 
Amberlite blank (i) “ 0-4 — 0-4 — 
Amberlite blank (ii) 0-7 — 0-7 — 
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After removal of HCl in the desalting apparatus the 
solutions were concentrated in vacuo. Part (30%) of the 
acid fraction from I (Table 1) was next subjected to iono- 
phoresis. The acidic peptide mixture was made up to 8 ml. 
with silicate and acetic acid solutions and allowed to set in 
a gutter 1-1 cm. wide cut out 3 cm. from the cathode end of 
the jelly. After applying a potential of 270 V. for 88 hr. the 
lid was slid off and a paper ‘ print’ taken and developed with 
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Fig. 3. Ionophcresis of partial hydrolysate of wool. 


acidified ninhydrin solution (0-1% (w/v) ninhydrin in 
n-butanol containing 0-02 ml. 10N-HCl/ml.). Nine bands, 
some of which were contiguous, of varying intensities were 
revealed and 10 fractions (A—J) were cut out as shown in 
Fig. 3. The filtrates from each cut were freed from acetic acid 
and Na,SO, as described by Consden, Gordon, Martin & 
Synge (1947). Next, the concentration of each fraction 
was gauged by one-dimensional chromatography on small 
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samples, using phenol and collidine. Those fractions which 
separated insufficiently in phenol were tested in other 
solvents until a system giving adequate resolution was found. 

Recoveries of amino-acids from control mixture. The mixture 
for this experiment consisted of glycine, pL-serine, DL- 
alanine, DL-valine (3-2 mmol. of each) and L-glutamic acid 
(1-07 mmol.), less of the latter being used because of its low 
solubility. This mixture was put through all the stages which 
had been used for the partial hydrolysate, omitting the 
Amberlite treatment. Recoveries after each stage were 
determined by estimation of N (Kjeldahl). The results are 
shown in Table 2. 

Systematic examination of ionophoretic fractions. Fractions 
A, B, C and D were investigated in the first ionophoresis 
only. A and B were found to be simple (Rp values 0-04 and 
0-06, respectively, in phenol and 0-14 and 0-14, respectively, 
in collidine). These fractions were therefore analyzed by one- 
dimensional chromatography using phenol. Fractions C and 
D were found to consist only of free aspartic and glutamic 
acids respectively. 

Fractions E-J were investigated on duplicate two- 
dimensional chromatograms on Whatman no. 4 paper as 
described by Consden et al. (1947) using 0-1% ninhydrin 
in n-butanol to reveal the full picture on one and 0-01% 
ninhydrin on the other to show the position of the 
spots to be further analyzed. Control one-dimensional 
chromatograms of a complete hydrolysate of wool were 
developed parallel to that of the peptide mixture along two 
edges of each sheet. The control in the first solvent was cut 
off before development of the chromatogram in the second 
solvent. The chromatograms are represented in Figs. 4-9. 
Collidine was the first solvent in all cases. The second solvent 
for fractions Z, F and G was phenol. For fractions H and J, 
the second solvents were respectively p-cresol and o-cresol, 
each being used in an atmosphere of coal gas and NH,. The 
times of development in each direction are recorded in 
Figs. 4-9. The amino-acids, obtained by hydrolysis or by 
deamination followed by hydrolysis (separate chromato- 
grams being used for each) of the extracted peptide spots, 
were identified by one-dimensional chromatography. The 
solvents used for the latter were phenol or collidine. Where 
separations were inadequate in one solvent, the hydrolysates 
were divided and run in both. As a guide to the identification 
of the amino-acids, control mixtures were chromatographed 
side by side with the treated peptide spots. For collidine, the 
control mixture consisted of lysine, arginine, serine, glycine, 
alanine, proline, valine, leucine, tyrosine and. phenylalanine. 
For phenol, the control contained aspartic and glutamic acids, 


Table 2. Recovery of amino-acids from a control mixture of amino-acids after various stages of analysis 


N (mg.) at start N (mg.) at end 


Stage of stage 
Incubation 193-6 
Ist desalting 181-0 
2nd desalting (after acidification with HCl) 168-3 
Ionophoresis: 

(a) Glutamic acid 4-65 
(b) Neutral compounds 55-75 

Acetate removal and desalting: 
(a) Glutamic acid 3-27 
46-78 


(b) Neutral compounds 


Over-all 


of stage Recovery (%) recovery (% 

195-0 100-7 _ 
172-0 95-1 — 
162-0 96-3 — 
4-22* 90-75 —_ 
48-73* 87-4 —_ 
3-11 95-1 79-0 
43-98 96-0 76-9 


* Corrected for the N blank of the silica jelly. 
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Fig. 4. Two-dimensional chromatogram of fraction Z. In 
Figs. 4-9 the arrows show the direction of movement of 
the solvents (collidine being the first), the origin being at 
the small dotted circle. The spots of the ninhydrin-treated 
chromatograms are shown in outline; the broken outlines 
represent the yellow ‘salt’ spot. The smaller spots along 
the edges of the sheets are those of the control mixtures, 
the positions of the amino-acids of which are indicated by 
the abbreviations. 
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Fig. 5. 
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serine, glycine, threonine, alanine, tyrosine, valine and 
leucine. Each solution was approximately 0-015m™ with re- 
spect to each amino-acid and 3-5 yl. of each solution was used 
for each chromatogram. The results are given in Table 3. 


Collidine (42 hr.) 


Phenol (24 hr.) 
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a 





LysArg Gly Pro Val Leu 


Fig. 6. Two-dimensional chromatogram of fraction G. 


Collidine (42 hr.) 


Phenol (42 hr.) 


Val 





Gly Val Leu PheTyr 


Fig. 7. Two-dimensional chromatogram of fraction H. 


As no attempt was made to distinguish between leucine, 
isoleucine and methionine, these amino-acids are recorded 
as ‘leucine’. 

The intensities of the ninhydrin spots are shown in Table 3 
by x’s which have the same significance as in the paper of 
Consden et al. (1947); one x represents a rather faint to 
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moderate intensity and ? represents a very weak spot. 
Where a hydrolysate has been investigated in more than one 
solvent, the spot strength shown in Table 3 is an average. 
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Lys Gly Pro Val Leu Tyr 
Arg Phe 


Fig. 8. Two-dimensional chromatogram of fraction J. 





Arg Gly Pro Val Leu Tyr 
Lys Ala Phe 


Fig. 9. Two-dimensional chromatogram of fraction J. 


The intensity of the ninhydrin spots was correlated with the 
amounts of amino-acids present by developing control 
mixtures at various concentrations on one-dimensional 
chromatograms in phenol and collidine (Table 4A). In order 
to estimate the losses sustained during thé fractionation 
procedure, the control mixture used for the N recoveries 
(Table 2) was put through the complete procedure shown in 
Fig. 1 omitting the Amberlite stage. The results are shown in 
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Table 4B. The intensities were found to agree well with the 
N figures given in Table 2. 

After each fraction in Table 3 are shown those peptides 
which are considered to be present and those which may be 
present, but for which there is less definite evidence. Residues 
represented by a ? have not been included in the latter section 
unless they formed a considerable proportion of the whole 
fraction. A square bracket indicates that the order of the 
residues in the peptides has not been established. All the 
spots shown in Figs. 4-9 were analyzed, but not all analyses 
are recorded here because in most of the cases concerned so 
many amino-acids were obtained on hydrolysis that the 
results could not be interpreted. Spot 1 of fraction E (Fig. 4) 
has been included as an example of the latter category. [The 
following abbreviations for amino-acids or their residues are 
used in Table 3, Figs. 4-9 and subsequently in the text, and 
are as proposed by Brand & Edsall (1947): alanine, Ala; 
arginine, Arg; aspartic acid, Asp; cysteic acid, (CySO,H); 
cystine (half molecule), (CyS-); glutamic acid, Glu; glycine, 
Gly; leucine, Leu; lysine, Lys; phenylalanine, Phe; proline, 
Pro; serine, Ser; threonine, Thr; tyrosine, Tyr; valine, Val.] 

Owing to repetition of the hydrolysis experiments, insuf- 
ficient of fraction HZ was left for deamination. The deami- 
nation results for fraction F were obtained from one-di- 
mensional chromatograms developed in phenol for 66 hr., 
since the peptides were very slow in collidine (material of 
spot 1 after deamination and hydrolysis was lost). The 
occurrence of increased quantities of cysteic, aspartic and 
glutamic acids after deamination and hydrolysis of spot 3 
is due to more material having been used for this stage. 
Spot 4 from a further chromatogram of fraction G was 
examined again. This spot was extracted and divided into 
twoequal parts. One half was runas a mixed two-dimensional 
chromatogram with the addition of 20 yg. L-glutamyl-pL- 
alanine, the other being used for a control chromatogram. 
Both were developed first in phenol (18 hr.), followed by 
collidine (42 hr.). On colouring with ninhydrin, both 
chromatograms were similar and showed two partially 
resolved spots having the Ry values of glutamylalanine and 
alanylglutamic acid (Table 6). In order to examine whether 
the serine residue is stable to deamination in dipeptides in 
which its amino group is protected, glycyl-pL-serine (60 yg.; 
Fischer & Roesner, 1910) was deaminated after extraction 
from a paper chromatogram which had been developed in 
phenol. Chromatography of the hydrolysate showed one 
spot only, which was serine. 

The presence of tyrosylglutamic acid, leucylaspartic acid 
and leucylglutamic acid in fraction H was confirmed in the 
following manner: a mixed two-dimensional chromatogram 
with 1-5% of fraction H and 10-20 yg. of each of these 
synthetic peptides were developed using the same solvents 
as above. As control equal amounts of the three synthetic 
peptides were applied to a second sheet which was developed 
at the same time in the same box. After colouring with 
ninhydrin the mixed chromatogram showed no significant 
difference from that obtained with fraction H alone. The 
chromatogram of the synthetic peptides showed only two 
spots, one corresponding in position to spot 5 (Fig. 7) (tyro- 
sylglutamic acid), the other to spots 2, 3 and 4 (Fig. 7) 
(leucylaspartic acid and leucylglutamic acid). 

Spots 2-5 of fraction J were not deaminated. The results 
for spot 1 were obtained from an elongated spot extracted 
from the top portion of a one-dimensional chromatogram 
developed with phenol from the material of the first iono- 
phoretic separation (p. 549). Little cystine or cysteic acid was 











‘ 



























































oa} —_ —_— x «xX - ~ — — a as 
ney ‘dsy Or _- —_— Ste - _ — —- _— — x x x x _ a aa 
a x x x —_ — --- % _ — a aq 9 
NID’ ®IVv Or : = x xX X X — — a KR ER — a ets H 9 
dsy ‘aq, = x x x x — — c 
np IG. , aq & 
dsy ‘sag a or : x — x x xx x x cas << 
ay} — = = — — ee — — cis Hse —_ ae a aq * 
nT) Ty ¢ = B90 a3 — — é xx XX — — — H f 
7 : - - os x x a = ane Gg -s 
dsy ‘ery nD ely Or x é — = «x x os — yr ¢ 
dsy* APD 
au - - x x é = <= <i oS 
dsy-ayz,| npp* AT) OT ~ - x x x x me x — —° HA GZ 
NID ‘<4. 
cen —_ — -= MR x 2 -—— -- a I 
NLD ‘tag OL ~ - d —- ie xxx Ht — 4 H I D 
[nory ‘npp ‘1p ]| -- — ie x x — i — aa os Kee oe aos i aq°e 
[rea “NED ‘nTD] GL _ — x x x x ane i ae as po beatae ‘ = ae 
lery “np ‘np 
[Arp “a9 “npD] 
[ery ‘dsy ‘nyy] ~- _~ i — x — x x —_— x : —_ ae a Zz 
[App ‘dsy ‘np9] [ GL —- — —— — x —_— x _— ee x —_ a Hs 
[ery ‘dsy] 
[App ‘dsy] 
tet [nn et 
849 “NED ‘nT 
[940 ‘nt evil SL = 7 * ay - “a ~ i — x x x x x — Se oe 
[940 ‘dey ‘dsy) 
[240 ‘nto ‘d8V]) face npy< ‘ 
‘dav ¢ 1 ‘Op “nT9) 0% — — _ — x — ~- — — x x i fas <<. ot 
Ba dey“ Ol os a xxx x a x x a —_ x MIM MEE ee _— e <s a 
- ~ - —- — -— Suoiys £10 A — — — a 
npp "aT I F - — -— — Buoys A104 — — =f H g 
dsy “nq)) — = Stat x x x — = a 
nip‘ dsy) or : - KKM ee — — H V 
o[qissog a]qeqoig WeIZ0VeUL OUT[OIg oUTULTe oUIONe'T oUTTeA OUTS oUlUeTy oUTU oUIoATS) OUTIOg poe pioe euyskQ plore gio ‘ou uo 
— yee cone SEE eee -[Ausyg -O1KT, -OolYL, ormeynyy onsedsy orystQ FY yodg -an1y 
sopryydog Joy posn 
_ uolpoRly yowo 9 S—— — —- \- _ . —_— - - J 





Jo oSvqusoI0g sploe-ourmly 


(‘depio onpised pourwuseyzepun jo sopyyded oyvorpur yoxorsq orenbg *punoy you soyvorput — ‘s, x Aq poyvorpul ore powsoy sprov-ourure 


OY} JO SOlJISUOJUT “sULBIZOZBULOIYO o4y WIT pozovsyxo syods opryded jo (7) stsAjoapAy Aq pomor[oy UOTyeUTUTeap Jo (77) SIsAforpAY 104Fe poutioy sploe-ourwy) 


™ 


[-V suoyonuif fo sishjoup *g e1QR I, 





555 



































_ —- a9 
cay ae eS te lee os ee ee 
a x — _— er ae — 
g " : aes Si Ae ta — @ ge 
_ — x — on oie EN — ae aa H & 
¢ _ a x x an x = : = — ‘ i ~ — a * 
‘ 5 -—— — 4 7 ah — ia aie —s x x x x a ies H P 
[nory ‘nory od a cul _ ie. a a _ a at ain xe x x — as H & 
[ney ‘ney ‘dsy | a x ae x x — = 2s — x x i ao cae! d G 
: cons —_ x x nai oh 4 —_ - xx x _— as H G 
. ue wate x x x X nag ae, a am co ona — —_ — d I 
“ ‘ a = x x — = H Tt f 
oa os x oe as " =< a 
Ol x x x — - 2 es 
nada — a x xX — 
Ol R a Sy e. = a: Oe 
bo aks a _ a é = x _ x a — — H & 
wm om 6 > FS kk F 5 5 5 x fF DS Lae 
[ady, “np9] a “ 7a se 3 ses x x _ = . es —_ x a I 
; : Se = I 
nips) ae ta a a cap x x H I 
s49 "a1 g 
, ~ — —“ 1¢ 8 
1) _ = é . ‘ x — — _ H 9 
iD "odd g . $ : — x x x e - — 
ny ney hes wk os a x = az a a — — ee 
44], ; AP} cme — coed ad x - ior a = a a 5 3 oat 7 ~~ d f 
np‘ a4y, € me 92 oe _ 7 se cad oe x % % — = Dia oe 
ney np) a = : _ ~<a 
mt 68 0 ie 40 ga) a 
nero} c on ; ~ viv oc ies — - = = he * - — a3 
noryT ‘ds t A . ii sa — =< as sie wnat Z 
one camber = a js 7 ar ¥: am aaah ; ‘ x x — ' . : 
tor ay] aa f a -_ oe x - as Ge at see he — —_ os H 
Sy "IPA / § x ‘er. a wae, i a — 4 
Te’ at OTD TPA f 








R. CONSDEN, 


detected after hydrolysis of the corresponding spot on the 
two-dimensional chromatogram, presumably owing to 
destruction of cystine during the chromatography. However, 
fraction J gave a very strong disulphide reaction with nitro- 
prusside relative to the other fractions. The presence of 
cysteic acid after deamination and hydrolysis is considered 
to be due to oxidation of cystine by the oxides of nitrogen. 
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0-32 N-Na,SO, for perfusing the electrodes. The bands shown 
on printing indicated a satisfactory separation of glutamy]- 
glutamic acid. The aspartic and glutamic acid bands were 
satisfactory though still not widely separated, but the other 
peptide bands were decidedly less satisfactory than in the 
buffered jelly used in the main experiment. The fastest band 
observed on the paper print (glutamylglutamic acid) was 


Table 4A. Intensities of ninhydrin colours with various amounts of amino-acids 


Amount of amino-acid (umol.) 





0-008 


0-24 0-12 0-06 0-03 0-015 0- 004 
Phenol 

Aspartic acid x x xX xX x xX X X x x x ? aS 

Glutamic acid Be Seat ee x xX xX Xx x x x x 9 

Serine x xX X X x xX XX at x x ? 

Glycine ie, oe De id 98 x x x x ) 

Threonine KR. 2b 3 x x x x x ? 

Alanine HX ae ee x x x x 9 

Tyrosine a a x x 9 

Valine BOI SOE OX pee ae x x x x ? 

Leucine oe 38 ES Oe FR S06 Km x x — si 

Collidine 

Lysine st OE Be Mee 1% x ? ee ee 
Arginine x x x x m ? ? cae a 
Glycine 3 KE OE xx xX xX x x x x ? a 
Serine 5 ES x x x x ™x ? ? 3a 
Alanine BOSE de xxx SCS x x ? aoe 
Proline x x x x ? aes poe == 
Valine REA SESG) SO 8 SNE aCe oe ie x ? — 
Leucine MME Ke Mon x ? ? ae 
Phenylalanine NE 0G mie x x — — ee 
Tyrosine meine Be xox x x _ _— as 


Table 4B. Intensities of ninhydrin colours of amino- 
acids on a paper chromatogram after passing a 
control mixture through complete procedure 


(Amount of each amino-acid at start was 0-4 pmol.) 


Intensity of 


Amino-acid ninhydrin colour 


Glutamic acid x x x 
Serine x x xX 
Glycine eek 
Alanine SEE 
Valine 3 SEK 


Spot 3 of fraction J was not deaminated. In a mixed 
chromatogram of fraction J and leucylglutamic acid 
developed in collidine (42 hr.), followed by o-cresol (42 hr.), 
the leucylglutamic acid spot was separate from and verti- 
cally above spot 2, as expected from the R, values. 

Estimation of glutamylglutamic acid. A 3-day partial 
hydrolysate was prepared as above from another sample of 
the same wool, except that it was not desalted or fractionated 
with Amberlite IR-4. It contained 13-93 mg.N/ml. 
(Kjeldahl). The ionophoresis apparatus was filled with a 
solution made by bringing 4-3N-sodium silicate (52 ml.) in 
water (350 ml.) to pH 7 with 0-9N-H,SO, (300 ml.). This was 
allowed to set to a stiff jelly under a glass lid. The gutter 
contained 8-0 ml. of a solution made by mixing 4-3 N-sodium 
silicate (0-45 ml.), water (4-9 ml.) and hydrolysate (3-6 ml.), 
the solution being adjusted to pH 7 with 0-9N-H,SO, 
(0-05 ml.). Thus, 44-8 mg. N was contained in the gutter. 
Ionophoresis was carried out for 43 hr. at 270 V. using 


3-2 cm. wide, and only this width of jelly was cut out. The 
aspartic and glutamic acid bands (total width 8-5 cm.) were 
cut out together. As a control, 8-5 cm. of jelly was cut out 
well in front of the glutamylglutamic acid band. These 
fractions were filtered and desalted and each solution made 
up to volume. Table 5 gives the results of the N estimations. 
Chromatography of the glutamylglutamic acid band using 
phenol showed its homogeneity. 


Table 5. Analysis of glutamylglutamic acid and 
dicarboxylic amino-acids after ionophoresis 


N as % total N 


Blank 0-05 
Glutamylglutamic acid 0-6* 
Free glutamic + aspartic acids 3-15 


* As this cut was rather narrow, this figure must be con- 
sidered as a minimum. 


Attempted isolation of glutamylglutamic acid using Amberlite 
IR-, The whole of the acidic peptide fraction (portion II, 
Table 1) was concentrated in vacuo and filtered. The solution 
was then transferred to a column of Amberlite IR-4 (length 
30 cm., diam. 1-5 em.) which had been equilibrated and 
washed with 0-003N-HCl. Eluates were examined by 
partition chromatography using phenol. The results are 
shown in Fig. 10. 

Ry values of synthetic acidic peptides. These are given in 
Table 6. L-Glutamyl-L-glutamic acid was prepared according 
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to the method of Bergmann & Zervas (1932), L-glutamy]- 
glycine according to Grassman & Schneider (1934), glycyl-L- 
glutamic acid according to Fischer, Kropp & Stahlschmidt 
(1909), pL-alanyl-L-glutamic acid according to Goldschmidt 
& Strauss (1929), t-leucyl-t-glutamic acid according to 
Fischer (1907) and t-leucyl-L-aspartic acid according to 
Fischer & Koenigs (1904). The preparation of the remaining 
peptides will be described in a later communication (Consden 
& Gordon, to be published). 


0 100 200 300 400 
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(1 ml.). The solutions were transferred to the holes and left to 
set. Two ionophoretic separations were carried out. In the 
first, glutamic acid (control) and leucylglutamic acid were 
used; in the second, glutamic acid (control), glutamyl- 
glutamic acid and alanylglutamic acid were used. In both 
experiments, a potential of 200 V. was applied for 17 hr., 
after which time the lid was slid off and paper ‘prints’ 
taken. The movement of each substance was measured from 
the ninhydrin print, which showed moderately strong purple 


500 600. 700 800 


Eluate vol. (ml.) 


Fig. 10. Chromatography of acidic fraction of partial hydrolysate on Amberlite IR-4 at pH 2-5. A, peptides of 
dicarboxylic amino-acids with neutral amino-acids; B, glutamic acid; C, aspartic acid; D, glutamylglutamic acid. 


Table 6. R, values of synthetic acidic peptides in various solvents 


Solvent Phenol Collidine o-Cresol m-Cresol p-Cresol 
a Coal gas Diethylamine 

—— NH, (03 %) HCN NH, (03%)  NH,(0:3%) NH, (03%) 
L-Glutamyl-L-glutamic acid 0-06 0-12 0-00 = a 
Glycyl-L-glutamic acid (Y) 0-19 0-22 0-00 0-01 0-04 
L-Glutamyl-glycine 0-21 0-22 0-00 0-02 0-03 
pL-Alanyl-L-glutamic acid 0-37 0-24 0-00 0-02 0-06 
L-Glutamyl]-pL-alanine 0-38 0-27 0-00 0-01 0-06 
pL-Seryl-L-glutamic acid (G) 0-19 0-25 0-00 0-00 0-00 

(streaky) 

L-Leucyl-L-glutamic acid 0-66 0-39 0-06 0-12 0-31 
L-Leucyl-L-aspartic acid 0-55 0-39 0-04 0-10 0-23 
L-Tyrosyl-L-glutamie acid (GP) 0-35 0-50 0-02 0-04 0-07 


Letters in brackets refer to colours given with ninhydrin. 
purple. All the others gave purple colours@ 


Determination of ionophoretic rates of synthetic peptides of 
glutamic acid. The jelly for this experiment was prepared 
from acetic acid and sodium silicate as described above, but 
in this case its length was only 50cm. Instead of a continuous 
gutter, a row of holes 0-6 cm. diameter was made in the jelly 


Table 7. Ionophoretic rates of some peptides 
of glutamic acid 


Diameter Movement of 


Exp. of spot centre of spot 
no. Substance (cm.) (em.) 
1 Glutamic acid 2- 9-0 
Leucylglutamic acid 3-2 4-0 
2 Glutamic acid 4:5 10-2 
Glutamyiglutamic acid 2-6 15-4 
Alanylglutamic acid 4-0 6-4 


near the cathode end. Each peptide (5-10 mg.) was added to 
a partially neutralized sodium silicate solution (0-25 ml.) 
until green to bromothymol blue (internal indicator). The 
partially neutralized sodium silicate was prepared by mixing 
4-3N-sodium silicate (1 ml.), water (8 ml.) and N-acetic acid 


Y =yellow, changing finally to purple; G=grey; GP =grey 


circles. The data are given in Table 7 and also plotted on 
Fig. 3 after adjustment so that the glutamic acid bands 
superpose. 


DISCUSSION 
Interpretation of results 


From the analysis of the spots, the presence of 
certain peptides can be inferred with certainty. 
However, weshall first discuss those results which are 
more difficult to interpret. 

Fraction E (Fig. 4). A possible hypothesis to 
explain the presence of amino-acids in very varying 
proportions in spot | is that alanine, serine, valine 
and leucine occur, each linked with two residues of 
a dicarboxylic amino-acid as tripeptides. While 
sucha hypothesis is not at variance with the expected 
chromatographic and ionophoretic behaviour of 
such substances, it cannot be proved without more 
refined separations than those so far achieved. Spot 2 
is considered to be due to the tripeptides [Glu, Glu, 
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Tyr] rather than dipeptides containing one glutamic 
acid residue (spot 5, fraction H, Fig. 7). The iono- 
phoretic rate of fraction EH does not correspond to 
[Glu, Tyr] whose ionophoreticrate would presumably 
be similar to or slower than those of Glu. Leu and 
Leu. Glu which actually occur together with Glu. Tyr 
and Tyr.Glu in fraction H. Moreover, the R, values 
of spot 2, fraction E and spot 5, fraction H show a 
difference consistent with the presence of an extra 
glutamic acid residue. In addition, no tyrosine- 
yielding spot occurs in the appropriate position in 
either of the chromatograms of the slower iono- 
phoretic fractions F and G. Since fraction G contains 
Glu. Ala and Ala. Glu (see below), it is unlikely that 
a dipeptide of glutamic acid with tyrosine (having 
a much larger molecular weight) will occur in 
fraction H. Free glutamic acid may be present in 
spot 2 (which has the R, values for this amino-acid, 
Fig. 4) owing to overlapping from fraction D. In 
addition, peptides containing three or more residues 
of a dicarboxylic acid may well be present in this 
fraction. 

Fraction F (Fig. 5). The presence of cysteic acid in 
the hydrolysate of spot 1 is probably due to oxidation 
of cystine peptides during the working up of frac- 
tion F. Were peptides of cysteic acid with dicarb- 
oxylic amino-acids originally present, their iono- 
phoretic rates would presumably be similar to those 
of fraction A or B. As Glu.(CyS-) and (CyS-).Glu 
occurred in fraction I, it is considered that the faster 
moving fraction F' contains tripeptides of cystine 
with two acidic residues (Asp and/or Glu), and not 
dipeptides. Of the possible combinations in spot 2 
[Glu, Gly, Glu] or [Glu, Ala, Glu] are regarded as 
being present, because the glutamic acid must be 
attached either to glycine or alanine, and Glu. Ala 
and Ala.Glu are excluded because these peptides 
have higher R, values in phenol (fraction G, Table 6), 
and lower ionophoretic rates. As glutamic acid 
decreases markedly, relative to glycine, after deami- 
nation it is probable that glutamic acid carries most 
of the free amino groups of the tripeptides. 

As the ionophoretic rates of the dipeptides of 
aspartic or glutamic acids with valine or leucine are 
much slower than that of this fraction, their presence 
is unlikely here but [Glu, Gly] or [Glu, Ala] may over- 
lap from fraction G. Hence tripeptides, Glu.Glu 
with valine or leucine, are regarded as being present 
and similar tripeptides containing aspartic acid may 
be present. 

Fraction G (Fig. 6). Spot 2 of fraction G is con- 
sidered to contain Gly . Glu because too much glycine, 
as judged by theintensity of thespotsafter hydrolysis, 
is present to be linked only with aspartic acid. 
Similarly, spot 5 is considered to contain Ser.Glu, 
but must also contain at least one of the dipeptides 
Ser.Asp, Thr.Asp. It will be observed that the 
contiguous spots, 1 and 5, gave somewhat similar 
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results on analysis. This was also true of the conti- 
guous spots 4 and 6. The presence of the same 
substance in rather different areas of the chromato- 
gram is presumably caused by the presence of 
interfering substances (‘salt effect’), since material 
from spot 4, after removal of some of this interfering 
substance behaved as spot 6 material, and had R, 
values in collidine and phenol similar to those for - 
synthetic dipeptides alanylglutamic acid and 
glutamylalanine (Table 6). The ‘salt effect’ (ef. 
Consden & Gordon, 1948; Partridge & Westall, 
1948) was observed in several of the ionophoretic 
fractions as a yellow zone (see Figs. 4, 5, 6, 8). It 
must therefore be concluded that little reliance can 
be placed on R, values unless the solution under 
investigation is free from salt or other interfering 
substances. 

Fraction H (Fig. 7). Glu. Leu is clearly present in 
cut 4 and hence is probably present in cuts 2 and 3 
as these three cuts were all from one large spot 
(Fig. 7). As phenylalanine gives a relatively weak 
colour with ninhydrin, (Table 4A), Phe.Glu is 
recorded as being possibly present in cut 6, even 
though the phenylalanine spot obtained after 
hydrolysis was weak. 

Fraction I (Fig. 8). The presence of proline in 
spot 2 is presumably due to an overlap of spot 6 
(yellow) which was found to be free proline. The 
presence of proline in fraction J can only be explained 
as the result of hydrolysis of a prolyl dicarboxylic 
acid peptide during working up at a stage subsequent 
to ionophoresis. Spots 7 and 8 appeared to be 
respectively free aspartic and glutamic acids, which 


may be derived from the same peptide as the proline . 


of spot 6. Spots 2, 4 and 5 are considered to consist 
mainly of tripeptides containing one residue each of 
a dicarboxylic amino-acid, since the ionophoretic 
rate of fraction I is slower than that of fraction H. 
However, the possible presence of Glu. Leu, Leu. Glu, 
Glu. Val and Val. Glu cannot be excluded, owing to 
overlapping of the previous fraction. Glu. Ala and 
Ala.Glu are excluded both on grounds of R, values 
and ionophoretic rates (see Fraction G). The tri- 
peptides [Glu, Ala, Ala] are excluded because they 
would be expected to have lower R, values in phenol 
than spot 2. Glu.Tyr and Tyr.Glu cannot be 
present in spot 4 (which is equivalent to spot 5, 
fraction H) as this spot is well separated from spot 3, 
where they occur. The section ‘peptides possible’ for 
this fraction in Table 3 has been omitted because of 
the large number which may be present. 

Fraction J (Fig. 9). This fraction has a low iono- 
phoretic rate compared with that of fraction H; the 
latter consists mainly of the dipeptides of aspartic 
or glutamic acids with valine or leucine. The spots 
of fraction J also have high R, values, which 
necessitated the use.of o-cresol for the chromato- 
grams (the R, values of amino-acids and peptides in 
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this solvent being lower than those in m- or p-cresols ; 
Consden, Gordon & Martin, 1944). Therefore this frac- 
tion is considered to consist mainly of tripeptides 
of aspartic or glutamic acids with two residues of 
higher neutral amino-acids. Little additional in- 
formation was obtained from the deamination of the 
spots, presumably because each consists of a mixture 
of tripeptides. 
General conclusions 


It can be seen (Fig. 3) that ionophoresis separates 
acidic peptides, as expected, according to their 
charges and molecular weights; the peptides thus 
resemble the amino-acids (Consden et al. 1946a). 
While it is well known that the depth of colour given 
by amino-acids with ninhydrin on paper chromato- 
grams is not an accurate measure of the amounts of 
these substances present (Polson, Mosley & Wyckoff, 
1947), it is clear from the results presented here that 
the various peptides were present in widely differing 
amounts. Table 8 gives the relative proportions of 
those peptides considered to be certainly present, 
the data being derived from Table 3. These numbers 


Table 8. Dipeptides found with their 
approximate proportions 


(The figures represent the relative proportions of peptides 
listed in Table 3 as probably present. By adding the x’s 
for each residue and multiplying by 100/(% of fraction used 
on each chromatogram), a number is obtained which is 
converted to N percentage by reference to Table 4A. Where 
peptides A.B and B.A (A and B being residues) are present, 
the relative proportion of the two has been estimated.) 


Nitrogen (as mg./100 g. total N of wool) pre- 
sent as peptides of the compounds in column 1 
with aspartic or glutamic acids through the 
amino groups of the dicarboxylic acid: 








i 
Amino-acids (a) Free (6) Combined 
present in ;- A \ fo W— — 
wool (2% or Aspartic Glutamic Aspartic Glutamic 
more of N) acid acid acid acid 
Aspartic acid a + — — 
Glutamic acid 4 600 — _ 
Serine — — 5 17 
Glycine _- 5 -- 8 
Threonine _- — —: 
Alanine —_ 29 — 27 
Tyrosine — 29 + 27 
Valine ll — 19 
Leucine ll 21 19 51 
Cystine — 4 t 
Proline a — — — 


Phenylalanine — 


are only a very rough guide to the actual amounts 
present. Assuming the peptide losses to be similar to 
amino-acid losses in the control experiments 
(Tables 2 and 4B), most of which occur during the 
last three stages shown in Fig. 1, then the dipeptides 
identified, apart from glutamylglutamic acid, 


account for some 3 % of the acidic fraction. This 
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together with glutamylglutamic acid (2 %) and free 
glutamic and aspartic acids (11%) account for a total 
of 16 % of the acidic fraction. Controls using syn- 
thetic peptides would be desirable, but these have 
not been done partly because of lack of material and 
partly because it is uncertain that the losses of the 
far simpler mixture, which one would have to use, 
would be at all comparable with the losses found 
with a hydrolysate. Nevertheless, it can probably 
be assumed that the peptide losses are higher than 
the amino-acid losses, owing to hydrolysis during 
the various stages, to formation of diketopiperazines 
and to other factors; in addition, since many of the 
chromatogram spots, which may well have contained 
dipeptides, could not be adequately identified, it is 
likely that dipeptides were originally present in far 
greater amounts than is indicated by the above 
figures. 

Excluding the basic and dicarboxylic amino-acids, 
it has been found that of the nine amino-acids each 
known to be responsible for more than 2 % of the 
nitrogen of wool (Martin & Synge, 1941; Gordon, 
Martin & Synge, 1943a) five are linked to the «- 
carboxyl group and seven to the amino group of 
glutamic acid. Two were found to be linked to the 
«-carboxyl and two to the amino group of aspartic 
acid (Table 8). However, as aspartic acid occurs only 
to the extent of approximately half the amount of 
glutamic acid, it is likely that many of its peptides 
were missed. Similar considerations apply to thre- 
onylglutamic acid, glutamylthreonine, glutamyl- 
phenylalanine and phenylalanylglutamic acid. Thus, 
the absence of these peptides from Table 8 does not 
necessarily imply their absence from the partial 
hydrolysates, only those peptides for which there is 
positive evidence being given in the table. Of the 
nine amino-acids mentioned above, only proline has 
not been found linked to either of the dicarboxylic 
amino-acids. This is probably due to the peptide 
linkage involving proline residues being particularly 
labile (fraction J). In this connexion it may be 
significant that Consden e¢ al. (1947) could not 
demonstrate the presence of prolylvaline in partial 
hydrolysates of gramicidin S, and that the syn- 
thetic peptide was found to be rather labile under 
the conditions of hydrolysis employed. A further 
reason for the failure to isolate a dipeptide con- 
taining a proline residue may be the ease with which 
such peptides change to diketopiperazines in aqueous 
solution (Fruton, 1948); these would be missed on 
the chromatograms, since they do not give colours 
with ninhydrin. The absence of glutamylserine, 
which contrasts with the presence of serylglutamic 
acid, is probably due to its special lability (ef. 
Desnuelle & Casal, 1948) rather than to its absence 
from the peptide chain. A study of the kinetics of 
hydrolysis of these two peptides (cf. Synge, 1945) 
would be specially desirable. 
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The best evidence that none of the peptides 
identified, and particularly valylglutamic acid, 
glutamylleucine, leucylglutamic acid, tyrosylglu- 
tamic acid, glutamylaspartic acid and glutamyl- 
glutamic acid, have arisen by recombination during 
the hydrolysis, is afforded by the observation by 
Consden, Gordon & Martin (unpublished work) that 
none of these dipeptides could be shown to be present 
in a partial hydrolysate of tyrocidine, which contains 
a proportion of dicarboxylic amino-acids similar to 
that of wool (Gordon, Martin & Synge, 1943b), 
whereas aspartylglutamic acid and glutamyltyro- 
sine were identified. Glutamylglutamic acid is the 
largest peptide component of the wool partial 
hydrolysate (about 10 % of glutamic acid nitrogen) 
and there is thus evidence that a substantial pro- 
portion of the glutamic acid residues are linked with 
other glutamic acid residues in the wool polypeptide 
chain. 

Though the present results give no information as 
to long sequences of amino-acid residues, they appear 
to be of some value in relation to theories already put 
forward regarding the chemical structure of wool. 
Thus, Astbury (1943) has suggested, on the basis of 
chemical and X-ray data, that polar and non-polar 


R. CONSDEN, A. H. GORDON AND A. J. P. MARTIN 


1949 


amino-acid residues alternate along the peptide 
chains of wool. The identification of glutamyl- 
glutamic acid, aspartylglutamic acid, glutamyl- 
aspartic acid, tyrosylglutamic acid, glutamy]l- 
tyrosine, serylglutamic acid and threonylglutamic 
acid, in amounts comparable to those of peptides of 
polar: non-polar type, seem to make this hypothesis 
untenable (cf. Martin, 1946). 7 


SUMMARY 


1. The acidic peptides from partial hydrolysates 
of wool, after separation by ionophoresis, have been 
analyzed by partition chromatography on paper. 

2. Nineteen dipeptides of aspartic and glutamic 
acids have been identified in the hydrolysates. 
Evidence has been found for the presence of a 
number of tripeptides of undetermined residue order. 

3. Glutamylglutamic acid was the peptide found 
in largest amount. 


Thanks are due to the Director and Council of the Wool 
Industries Research Association for permission to publish 
this work. We also thank Mr R. C. Palmer for helpful 
discussion. 
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Rancidity in Indian Butterfats (Ghee) 


By K. T. ACHAYA 
Department of Industrial Chemistry, University of Liverpool 


(Received 16 November 1948) 


It has long been realized that the analytical 
characteristics of deteriorated butterfats depart 
considerably from those of the fresh fats. It is the 
more surprising, therefore, that the changes in 
butterfat, or ghee, during ordinary rancidification— 
in loosely corked containers exposed to diffused day- 
light—have not been more intensively studied. 
Elsdon, Taylor & Smith (1931) studied commercial 
butters for very short periods and found increased 
Polenske values, while for butterfat Godbole & 
Sadgopal (1936) found decreased Polenske and 
increased Reichert values. Curli (1939) and Das 
Gupta (1939) excluded air from their samples during 
storage, while Narasimhamurty (1941) used com- 
mercial ghee samples whose purity was open to 
suspicion. In the present study, sets of samples of 
genuine butterfat from three different localities were 
chosen, and stored under the first-mentioned, more 
or less ‘normal’ conditions. The samples were not 
chosen at random, but represent characteristic 
products, one group from Indian buffaloes the 
butterfats of which were of roughly normal Reichert 
value (high for a buffalo) and normal iodine value, 
another from buffaloes heavily fed with cottonseed, 
a practice common in many dry areas in India, and 
a third from cows in pasture, such as are produced 
in any well-kept dairy. It is possible, therefore, to 
draw comparisons between one set and another and 
also between individuals in the same group, a feature 
which will be appreciated during the discussion. 

A study of the changes in the characteristics 
alone, while it enables certain conclusions to be 
drawn, would it was felt be somewhat restricted and 
it was decided therefore to isolate and study the free 
fatty acids produced by rancidity in the three 
batches of ghee. The products of spoilage of fats, as 
hitherto enumerated and sometimes isolated, include 
inter alia ketones, aldehydes, peroxides, hydro- 
peroxides, ozonides, hydroxyacids and fatty acids. 
Whilst clearly the terms rancidity and acidity due 
to free fatty acids are not equivalent, it will be con- 
ceded that free fatty acids, especially over long 
periods as in the present instances, certainly form 
the largest proportion of the rancidity products, and 
may amount to as much as 20% of the rancid fat, 
while peroxides (calculated as oleic peroxide) may 
approach only 2% and aldehydes and ketones, 
according to Mundinger (1930), ‘can be detected’. 
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The formation and composition of these fatty acids 
therefore represents a major factor in fat spoilage, 
especially in rendered fat where lipolytic compli- 
cations may tend to be of subsidiary occurrence. 


EXPERIMENTAL AND RESULTS 
Methods 


The three sets of Indian ghee chosen for study were: (1) eleven 
samples from buffaloes of the Agricultural College, Kirkee, 
initially of high Reichert and low iodine values, a character- 
istic sample of which had been analyzed earlier for fatty 
acid and glyceride composition by Achaya & Banerjee (1946); 
(2) ten samples from Porbandar buffaloes (heavily fed with 
cottonseed under arid conditions) of extremely low Reichert 
and high iodine value: a representative sample had been 
studied earlier; (3) twelve samples from cows of the Cattle 
Farm, Hosur, as representing normal, highgrade cow ghee. 

All the products were in excellent condition when originally 
analyzed, but, when the present study was undertaken, had 
been maintained in storage under the conditions mentioned 
earlier for 3-4 years. The characteristics were determined in 
the usual way: acidities are expressed as acid values 
(mg. KOH/g. fat); peroxide values as ml. 0-002 N-Na,S,0,/g. 
fat; and refractive indices in terms of butyrorefractometer 
degrees at 40°. 

After the characteristics had been determined, the 
individual samples in each lot were mixed and the free fatty 
acids extracted successively with boiling ethanol by 
thoroughly mixing, cooling till the fat solidified and drawing 
off the supernatant ethanol. Owing to the low concentration 
of total fatty acids present in the ethanol (maximum 7 %) and 
to mutual solubility effects between the fatty acids there is 
little reason to fear that stearic or higher acids may thus have 
been lost by deposition with the neutral fat in the solid phase 
during the ethanol extractions. After five or six extractions 
(when typical acidities of the orders, 23, 11, 5-7, 4, 2-7,1-:8% 
were left in the separated fat phases), the ethanol extracts 
were mixed, exactly neutralized with conc. KOH, the ethanol 
driven off and the soaps thoroughly extracted with ether to 
remove any adventitious neutral fat. Tables 1 and 2 give a 
summary of the results obtained. 


Analytical results 


The changes in the analytical figures are in general 
extremely well defined, and very similar in the three 
groups. Of the thirty-three samples, only three show 
a fall (and these extremely small) in Reichert value. 
The increases in Polenske value are more striking, 
amounting sometimes to four times that of the fresh 
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fats but averaging about double. With a single 
exception the iodine values, as to be expected, 
showed diminution to varying extents which are 
roughly parallel with the production of free acidity 
in the individual specimens concerned. Large 
increases in the saponification values are almost 
always apparent, while the refractive indices vary 
erratically. 

The acidities and peroxide values demand separate 
consideration. It is abundantly clear that, in 
advanced rancidity, the peroxide values are little 
indication of the extent of its progress as perceived 
organoleptically. A curious feature associated with 
these samples may be mentioned. Some of the 
Kirkee samples were coloured quite bright yellow, 
while the others were almost colourless, and it is in 
the former samples that the peroxide and acid 
values are very small. This would lead one to specu- 
late on the possible anti-oxidative nature of the 
carotene in the specimens—further supported by the 
generally low acid and peroxide values of the bright 
yellow cow ghees from Hosur, and the contrasting 
high values of the extremely white Porbandar 
buffalo ghees. 
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value (usually also associated with large increases in 
peroxide value) are almost invariably accompanied 
by similarly large increases in Reichert, in Polenske 
and in saponification values and, most significantly, 
by correspondingly large falls in iodine value. The 
peroxide values are very small in actual amount 
(1-2 % of the total fat), and, since they are generally 
recognized in rancidity as precursors of further 
breakdown products, it is perhaps natural to expect 
them in quantities proportional to the fatty acids 
already present, fresh peroxide being formed as part 
of it was converted to further products. Increases in 
acidity run concurrently with losses in iodine value: 
in butterfat, the latter is a measure mainly of oleic 
glycerides, and it follows that oleic glycerides are 
therefore converted largely into free acids. Further 
evidence that this is the case is obtained by plotting 
the loss in iodine value of each sample against the 
acidity (calculated as a percentage of the mean 
molecular weight of the free acids (saponification 
equivalents) as shown in Table 2). The resulting 
smooth curves (Fig. 1) appear to be characteristic of 
an autocatalytic reaction, the agent being perhaps 
the peroxides initially formed or even the free acids 


Table 1. Changes in the analytical characteristics of ghees during development of rancidity 


Original samples Rancid samples Change due to rancidity 
See CO >? 
Characteristic Range Average Range Average Range Average 
Kirkee, buffalo ghees, 11 samples, normal pasture feed 
Acid value Negligible Negligible 5-3- 52-3 24-9 + 5:3-+ 52-3 +24-9 
Saponification value 223-9-239-3 228-9 227-5-261-0 243-6 — 2-2-+ 33-5 +14-7 
Iodine value 25-7- 31-1 28-9 6-9— 28-3 18-1 —24-2-+ 0-8 -—10-8 
Butyrorefractometer 39-2— 43-1 41-9 40-3— 42-6 41-7 - 16-+ 13 - 0-2 
reading (40°) 
Reichert value ; 25-7— 39-1 32-1 32-2— 40-7 36-4 — 0-6-+ 12:3 + 43 
Polenske value l-l- 2-7 1:7 1-7— 4-4 2-9 - 03-+ 2-9 + 1:2 
Peroxide value Negligible Negligible 0-7— 71-6 34-7 + 0-7-+ 71-6 +847 
Porbandar, buffalo ghees, 10 samples, high cottonseed feed 
Acid value Negligible Negligible 11-6— 24-1 18-2 +11-6-+ 24-1 +18-2 
Saponification value 200-8-224-0 213-3 213-0-250-2 226-9 — 2-6-+ 29-5 +13-6 
Iodine value 30-6— 39-9 35-4 14-0— 28-3 19-0 -22-1-- 7-4 — 16-4 
Butyrorefractometer 43-8— 46-9 45-6 43-8— 46-4 45-1 - 14+ 09 — 05 
reading (40°) 
Reichert value 14-5— 33-6 21-0 18-9— 37-0 24-9 - 0-7-+ 58 + 39 
Polenske value 0-4— 2-4 11 1-l- 3-7 1-9 - 10-+ 28 + 08 
Peroxide value Negligible Negligible 19-4-103-4 54-0 +19-4— + 103-4 +540 
Hosur, cow ghees, 12 samples, normal feed 
Acid value Negligible Negligible 5-3- 14:8 10-1 + 53-+ 14:8 +101 
Saponification value 213-2-226-3 221-4 227-6-238-3 232-5 + 4:5-+ 22-6 +11-1 
Iodine value 34-5— 39-2 37-1 22-2— 35-0 28-8 -15-2-- 1:8 - 83 
Butyrorefractometer 43-8— 45-0 44-3 43-7— 45-2 44-3 - 1l1l-+ 0-7 Nil 
reading (40°) 
Reichert value 23-8— 26-2 24-8 27-9- 30-2 28-9 + 31-+ 52 + 41 
Polenske value 1-2— 2-1 1-6 2:0- 3-0 2-5 + 04-+ 16 + 0-9 
Peroxide value Negligible Negligible 15-0— 48-5 32-5 +15-0-+ 48-5 +382-5 


The most outstanding feature of Table 1, however, 
is the marked parallelism between the alterations in 
each characteristic, suggesting that they all proceed 
from a single general cause. Large increases in acid 


themselves. Davies (1941) studied somewhat 
empirically the free fatty acids of rancid butter and 
found them to be mainly composed of oleic and lower 
acids; while Rangappa & Banerjee (1946) found 


oie onic te 


to ee et 


TD hs — 77) tw 


Po ee eS eS 


1s 


Ci 





— Ss ee oe 





Vol. 44 


broadly similar featuresin theacid fractionsextracted 
from market samples of butterfat: it is often the 
case, however, that these are made from butter that 


Table 2. Free fatty acids from united samples 
of rancid ghees 
Free fatty 
Mixed acids iso- 
Mixed neutralized lated from’ 
rancid ghee ghee rancid ghee 


Kirkee, buffalo ghee 


Soft; 
Soft; Hard; yellow; 
heavy bland crystalline 
Appearance odour odour solid 
Melting point (°) 34:3 40-3 32-6 
Solidification point (°) 27-8 32-8 31-6 
Butyrorefractometer 41-7 42-6 29-4 
reading (40°) 
Acid value 23-0 1-8 — 
Saponification value 243-6 221-4 320-3 
Saponification equiva- 230-2 253-4 175-2 
lent 
Iodine value 19-1 15-9 26-4 
Reichert value 35-9 26-9 119-8 
Polenske value 3-1 1-7 13-5 
Peroxide value 30-7 16-9 — 


Porbandar, buffalo ghee 
Hard and Just solid; 


Pasty; granular; amber 
acrid bland coloured; 
Appearance odour odour crystalline 
Melting point (°) 38-7 39-2 32-7 
Solidification point (°) 34-5 36-0 29-6 
Butyrorefractometer 44-4 45-2 30-6 
reading (40°) 
Acid value 23-1 4-6 — 
Saponification value 237-1 230-3 294-4 
Saponification equiva- 236-6 243-5 190-6 
lent 
Iodine value 20-6 20-3 22-5 
Reichert value 28-8 24-9 49-3 
Polenske value 2-7 1-3 13-2 
Peroxide value 28-5 17-7 -- 


Hosur, cow ghee 


Soft; Very soft; 
Pasty; faintly dark 
rancid but granular; amber in 
not acrid bland colour; 
Appearance odour odour crystalline 
Melting point (°) 35-8 34-2 28-0 
Solidification point (°) 36-4 36-6 28-0 
Butyrorefractometer 43-7 44-4 37-1 
reading (40°) 
Acid value 10-6 3-1 — 
Saponification value 232-1 228-8 293-6 
Saponification equiva- 241-6 245-3 191-1 
lent 
Todine value 29-6 30-0 29-1 
Reichert value 28-8 26-5 67-6 
Polenske value 2-5 2-1 13-0 
Peroxide value 32-7 26-8 — 


has deteriorated considerably so that the character- 
istic rancidity products of the latter are liable to be 
carried over. Again, the Reichert and Polenske 
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values of the de-acidified fats studied in the present 
work were in all three cases extremely close to the 
original values for these fats when fresh, indicating 


that these glycerides had largely remained intact. All 
these features appear to point to one fact: a mainly 
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Fig. 1. Rise of acidity accompanying loss in iodine value 
during rancidity. 


oxidative mechanism producing free acidity in butter- 
fat during spoilage, as opposed to a lipolytic one 
(possibly somewhat selective towards oleic and lower 
fatty glycerides) in butter. 


Detailed study of the free fatty acids 


The free fatty acids (thus isolated in the form of 
dry soaps) were now analyzed for component fatty 
acids; the Kirkee soaps were divided into two lots 
and analyzed using the lead-salt separation technique 
and the low-temperature crystallization procedure 
(using 10 ml. of ether/g. of acids at — 45°), respec- 
tively, for the partition of the acids non-volatile in 
steam (Hilditch, 1947 a) the results being calculated 
on the basis of normal straight-chain fatty acidity. 
The analyses differed substantially and whilst this 
may partly be due to the small amounts available 
for analysis, a more important cause appeared from 
subsequent work to lie in the presence of short-chain 
dicarboxylic acids and n-octane-l-carboxylic acid 
(produced as scission products of oxidation from 
oleoglycerides, the presence of which was not at 
first realized). The dicarboxylic acids appeared in 
both the soluble and deposited portions during the 
lead-salt separation, whereas the crystallization pro- 
cedure gave a more straightforward separation and 
was consequently employed for the other two 
analyses. Details and results obtained by the alter- 
native lead-salt method of separation will not 
therefore be recorded here. 


When the presence of significant proportions of n-octane-1- 
carboxylic acid and also, apparently, dicarboxylic acids was 
appreciated, an attempt was made to identify these and also, 
by modifying the ester fractionation procedure, to obtain an 
approximate measure of the amounts present. For this 
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purpose the following methyl ester fractions were mixed and 
carefully refractionated through the electrically heated and 
packed column: from Porbandar rancid buffalo ghee—ester 
fractions from the steam-volatile acid group (saponification 
equiv. 134-9-182-3) and from the acids soluble in ether at 
—45° (saponification equiv. 128-1-164-3); from Hosur 
rancid cow ghee—ester fractions from the steam-volatile 
acid group (saponification equiv. 131-2—198-8) and from the 
acids soluble in ether at -45° (saponification equiv. 
129-7-178-1). The boiling points (at about 0-2 mm. pressure) 
rose steadily from 54 to 124°, but the equivalents of the 
fractions obtained were, in order of increasing boiling point: 
148-3, 153-6, 164-2, 169-4, 133-4, 119-8, 118-4, 131-8, 170-8, 
177-0, 201-0 and 243-3. It was evident that esters of dibasic 
acids were present (e.g. dimethyl azelate has boiling point 
140-141°/9 mm.). These were therefore removed by washing 
the remixed free acids with light petroleum, filtering, and 
isolating any dissolved dibasic acids by cooling the monobasic 
acids several times in light petroleum or ether solutions at 
temperatures down to - 20°. Finally there were obtained 
12-9 g. of crude dibasic acids and 12-8 g. of monobasic acids. 
The latter were re-esterified and fractionally distilled, and 
now showed no discontinuity in the sequence of saponifi- 
cation equivalents which rose steadily as follows: 162-1, 
169-1, 169-2, 180-8, 188-2, 198-1, 212-6, 230-1 and 284-4. The 
determined figures for the acids present in this group of 
esters fractionated after removal of the dibasic acids, were: 
n-heptane-l-carboxylic, 7-6; n-octane-l-carboxylic, 18-1; 
n-nonane-l-carboxylic, 22-5; lauric, 29-5; myristic, 8-8; 
palmitic, 6-2 and stearic, 7-3 % (w/w), whilst typical estimates 
of the total esters (including dicarboxylic esters calculated 
as dimethyl azelate) present in two of the mixed esters were 
as follows: n-pentane-l-carboxylic, 2-3, 0-8; n-heptane-1- 
carboxylic, 14-0, 7-5; n-octane-l-carboxylic, 18-5, 19-9; 
azelaic, 29-8, 31-7; mn-nonane-l-carboxylic, 22-8, 22-9; 
lauric, 7-5, 8-3; myristic, 4-8, 8-9; and palmitic, 0-3% (w/w). 

By crystallizing the crude dibasic acids (cf. above) re- 
peatedly from CHCl, at room temperature they were ulti- 
mately separated into two fractions, (i) about 80% of the 
crude acids, which now melted at 86—96° and had an equiva- 
lent of 95-4 (azelaic acid 94-0), and (ii) about 20% of acids 
which melted at 106-108° and had an equivalent of 81-8. 
It therefore appeared that the greater part of the dicar- 
boxylic acids consisted of azelaic acid, COOH .(CH,),.COOH, 
but it is possible that small proportions of dibasic acids of 
higher (?sebacic) and lower mol. wt. than azelaic acid were 
also present amongst the products of rancidity. 

The presence of n-octane-1-carboxylic acid was confirmed 
by its identification as the p-toluidide, this derivative being 
selected because of the convenient discriminate melting 
points in this range of the homologousseries. For comparison, 
the p-toluidides of authentic specimens of butyric, n-pentane- 
n-hexane-, n-heptane-, n-octanes and n-nonane-1-carboxylic 
acids were also prepared. The sources of these acids were as 
follows: butyric and n-hexane-1-carboxylic acids were pur- 
chased from commercial sources (equiv. 88-8 and 128-8, 
respectively). n-Pentane- and n-octane-l-carboxylic acids 
were prepared by oxidizing a concentrate of methyl oleate 
and linoleate (iodine value 103-1) with KMnO, in acetone, 
isolating by distillation in steam the monobasic acids 
formed, and distilling the latter through a fractionating 
column when n-pentane and n-octane-l-carboxylic acid 
fractions were obtained in a state of purity (equiv. 116-0 and 
157-6, respectively). n-Heptane- and n-nonane-1-carboxylic 
acids were obtained from the respective methyl esters iso- 
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lated by fractional distillation of the mixed methy] esters of 
coconut oil acids (equiv. 145-8 and 168-5, respectively). 


Table 3. p-Toluidides of lower normal fatty acids 


Melting point of 
Equivalent of p-toluidide (°) 
acid 7 

—_ FH Found Robertson 
Found Cale. (present 


SSS 
(1908) (1919) 


Acid used work) 

n-Butyric 88-8 88-0 74:5-75-5 74 75 

n-Pentane-1- 116-0 116-0 71-5-72-5 75 73 
carboxylic (rising) 

n-Hexane-1- 128-8 130-0 78-5-79-5 80 80 
carboxylic 

n-Heptane-1- 145-8 144-0 68-0-68-5 67 70 
carboxylic 

n-Octane-1- 157-6 158-0 83-0 81 84 
carboxylic 

n-Nonane-1- 168-5 172-0 76-5-78:0 80 78 


carboxylic 


The fatty acids (about 1-0 g.) were refluxed under water 
condenser with 100% excess of SOCI, for 1 hr., and excess 
reagent removed by gentle suction for 15 min.: 100 ml. of 
dry ether were now added to the mixture, 2-5 mol. of p- 
toluidine introduced and washed in with a little ether. 
A bulky precipitate of p-toluidine hydrochloride immediately 
formed; the whole was vigorously refluxed for 2 hr., more 
ether being added if necessary. The contents of the flask were 
washed with water and dilute HClin a separating funnel, then 
with dilute KOH and finally with water. The extracts were 
dried, filtered, the product refluxed in hot ethanol with 
animal charcoal and crystallized from pure methanol or 
ethanol. Table 3 gives a summary of the properties of the, 
p-toluidides prepared from the authentic acids. The products 
were highly crystalline compounds, but even after repeated 
crystallization still melted over a range of about 1—2°; this, 
however, is not a drawback for the present purpose since the 
melting points of successive members are well apart. The 
melting points compare well with those recorded earlier in 
the literature (Robertson, 1908, 1919) except for the n- 
pentane-l-carboxylic ‘derivative which was available in 
quantities too small for further crystallization, and was 
probably still impure. The present starting materials were in 
general probably of greater purity than those available to 
Robertson (1908, 1919). 

From the ester fractions obtained after the removal of 
dibasic from monobasic acids (cf. col. 1) two fractions were 
chosen for preparation of derivatives, their respective saponi- 
fication equivalents being 169-2 and 188-9 (cf. methyl n- 
octane-1-carboxylate, 172; methyl n-nonane-1-carboxylate, 
186). The derivatives were obtained in theoretical yield, and 
after three crystallizations from ethanol, each gave highly 
crystalline products melting at 83-0 and 74-5°, respectively, 
undepressed on mixing with the corresponding pure tolui- 
dides and pointing unmistakably to the presence of n-octane- 
and n-nonane-1-carboxylic acids in the original fatty acids. 

Another point of interest was to study whether fatty acids 
of lower molecular weight than butyric acid were produced 
during the course of oxidative rancidity. This was investi- 
gated by two methods: first, by isolating the acids from the 
titrated soaps in the ether-extracted aqueous solution from 
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the steam distillate. These soaps were evaporated to dryness 
on a water bath and then on a sand bath at 150°, and finally 
kept in a desiccator until required for use. They were then 
distilled with dry H,PO, (preheated to 150° for 3 hr.), and 
the distillate stood over anhydrous Na,SO, for several days. 
About 0-8 g. of these acids was now fractionally distilled in 
a microfractionation apparatus and yielded fractions as 
follows: 


Wt. (g.) 00883  0-0812  0-0838 0-0738 
Equiv. 68-3 64-2 85-0 83-1 
Wt. (g.) 00379 02200 + ~—- 01808 

Equiv. 84-0 105-3 97:3 


The first two fractions clearly contained acetic acid (equiv. 
60), the remainder had acid equivalents corresponding with 
butyric (88-0) or mixtures of this with n-pentane-1-carb- 
oxylic (116-0) acid; the proportions of acetic : butyric are 
of the order 1 : 3. 

The second method used was a chromatographic separation 
by the procedures of Martin & Synge (1941), Elsden (1946), 
and Rawsey & Patterson (1946), employing moist silica gel as 
adsorbent and CHCl, containing n-butanol as eluent. Two 
bands were obtained with ease using a 1% butanol-CHCl, 
eluent, and when this was followed by 5% butanol-CHCl,, a 
third band also appeared, but tended to become diffuse as it 
moved down the column. The silica gel was therefore removed 
in zones, placed in water, and, after aeration to remove 
CHCI,, was gently steam distilled, the distillates titrated and 
calculated to acetic, butyric and n-pentane-l-carboxylic 
acids respectively, when the relative proportions by weight 
were found to be 2: 6: 3. This accords extremely well with 
the proportions 1:3 for acetic : butyric obtained by the 
former method. 

It should be pointed out, however, that these results do 
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not demonstrate unequivocally that acetic acid is one of the 
products of a process of oxidative rancidity, since the 
quantities observed were so small that the possibility that 
the acetic acid arises adventitiously (e.g. from traces of 
acetic esters still left in the ethanol used in the course of the 
work in spite of drastic purification) must not be overlooked. 


In the course of the above work, therefore, the 
following have been established: (i) The discrepancy 
between the lead-salt method of analysis and the 
low-temperature crystallization technique leading 
to the preferred use of the latter subsequently. 
(ii) The proof of the presence of dibasic acids, 
mainly azelaic, but with traces of both higher and 
lower homologues. (iii) The clear characterization of 
n-octane- and n-nonane-l-carboxylic acids by the 
preparation of their p-toluidide derivatives, with the 
incidental preparation of reference p-toluidides of 
several saturated fatty acids. (iv) The presence of 
acetic acid (though perhaps of adventitious origin) 
in the free fatty acids, as demonstrated by fractional 
distillation and by chromatographic separation. 


DISCUSSION 


Table 4 shows the results of the analyses of the free 
fatty acids of the rancid ghees. In the analyses of the 
Porbandar and Hosur samples it has been possible 
to make an approximate allowance for the n-octane- 
l-carboxylic and dibasic (as azelaic) acids which 
were shown to be present. Unfortunately shortage 
of material prevented this correction in the case of 
the Kirkee fatty acids. 


Table 4. Composition of free fatty acids from rancid ghees 


Percentage (w/w) 


Percentage (molar) 


| 
Saturated: Kirkee (U) Porbandar (C) Hosur (C) Kirkee (U) Porbandar (C) Hosur (C) 
Acetic ? 0-6 ? ? 1-9 ? 
Butyric 10-9 3-5 4-0 21-5 7-5 8-7 
Caproic 13-9 4-6 2-8 20-8 75 4-6 
Caprylic 9-7 4:3 5-2 11-6 5-7 6-9 
n-Octane-1-carboxylic ? 6-1 7-4 ? 7-4 9-0 
Capric 4-7 9-0 9-8 4:8 9-9 10-9 
Lauric 4:3 3-0 4-0 3-7 2-9 3-8 
Myristic 4:5 6-8 4-1 3-4 5-7 3-5 
Palmitic 20-0 15-4 9-9 13-5 11-4 7-4 
Stearic 3-1 4:3 1-3 1-9 2-9 0-9 
Arachidic —_— — 0-8 — — 0-5 
Azelaic ? 9-4 11-4 ? 9-5 11-5 
Unsaturated: 
Nonene-1-carboxylic 0-8 0-9 0-7 0-8 1-1 0-8 
Undecene-1-carboxylic 0-4 13 0-3 0-3 1-2 0-3 
Tridecene-1-carboxylic 1-8 0-6 1-0 1-4 0-5 0-8 
Pentadecene-l-carboxylic 6-7 9-1 10-2 4-5 6-8 7-7 
Oleic . 3-6 3-3 6-1 2-2 2-2 4-1 
Unsaturated residues 15-6 17:8 21-0 9-6 15-9 18-6 
Unsaturated residues: Kirkee Porbandar Hosur 
Equivalent 224-7 213-2 215-2 
Iodine value 68-3 53-9 59-3 


U =Uncorrected for acetic, n-octane-1-carboxylic and azelaic acids. C =Corrected for acetic (Porbandar only), n-octane- 
1-carboxylic and azelaic acids (Kirkee and Porbandar). 
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The comparatively small amounts of experimental 
material available, together with the complexity of 
the fatty acid mixtures and the complication intro- 
duced by the presence of some dicarboxylic acid, 
causes the figures in Table 4 to be only broadly 
indicative in character. Nevertheless, there is con- 
siderable general resemblance between the propor- 
tions of the various component acids, which are 
apparently largely independent of the more widely 
variable nature of many of the acids in the three cor- 
responding original ghees (cf. Achaya & Banerjee, 
1946). Thus, the Porbandar samples were buffalo 
ghees of very low Reichert (14-20) and high iodine 
(30-40) value, high stearic and low palmitic acid 
content, in each of these respects differing from the 
Kirkee samples. The data in Table 4 thus suggest 
that the products of free acid and oxidative rancidity 
from all three ghees are much the same in type, 
especially the relative proportions of the lower 
saturated acids. 

Characteristic features of these free acid fractions 
from the products of rancidity which merit some 
further notice are: (i) the presence of 10-20% of 
unsaturated, non-volatile residues of low equivalent 
(210-225) and low iodine number (50-60) which 
account for about half the unsaturation of the total 
free acids; (ii) the presence of normal saturated acids 
from butyric to n-nonane-l-carboxylic in similar 
proportions (averaging about 8% in each case); 
(iii) the presence of n-octane-l-carboxylic and di- 
basic (mainly azelaic) acids; (iv) the presence of 
about 10% of palmitic acid; and (v) the absence of 
oleic acid in any great quantity, and the presence of 
fragments of lower unsaturated acids of indefinite 
structure. 

(i) The unsaturated residues are clearly polymers 
of some kind as evident from their low iodine values 
and equivalents and their lack of volatility even 
under extreme conditions. The basis of these 
residues is evidently some product derived from 
oleic acid. Farmer (1942) first demonstrated that 
atmospheric oxidation of the oleic glyceride begins 
with the formation of a hydroperoxide group, 
—CH(O.OH).CH : CH—, which on further oxida- 
tion of the double bond forms short-chain fatty 
acids. In the view of Hilditch (1947 b) the mechanism 
tends to proceed in the following sequence: loose 
attachment of oxygen at an ethenoid linkage, 
electronic displacements in the system thus pro- 
duced, leading to the loosening of a hydrogen atom 
from an adjacent methylene group and the final 
formation of a hydroperoxide of the type shown 
above, the double bond having meantime shifted one 
step along the carbon framework. These hydro- 
peroxides could conceivably polymerize with ease to 
produce partly unsaturated polymers. Moreover, 
the small percentage (up to 4) of linoleic glycerides 
present in ghee probably acts as a starter for the 
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whole mechanism by the formation of highly reactive 
conjugated unsaturated products. Polymerization 
occurring to such a marked extent in a relatively 
saturated fat does not appear to have been recorded 
previously. 

(ii) and (iii). It was pointed out earlier from a series 
of observations that the lower saturated acids are 
probably produced largely from the oxidation of oleic ~ 
glycerides. The formation of roughly similar amounts 
of the acids is explicable in terms of the above theory 
whereby the double bond apparently shifts during 
autoxidation: one could conceivably continue the 
process further along the carbon chain, and couple it 
with lipolysis at any stage; the observed presence, 
too, of acids probably mono-unsaturated, and of low 
molecular weight (calculated here as nonene-, 
undecene-1-carboxylic acids, etc.) in amounts much 
larger than in the original butterfats would again be 
possible on a similar hypothesis, while the production 
of azelaic acid (clearly much simple double bond 
scission occurs) and its higher and lower homologues 
would follow from hydrolysis of unsaturated inter- 
mediate products. The small amount of oleic acid in 
the free fatty acids hardly calls for explanation since 
it is even more vulnerable to attack in the free form, 
if produced, than as a glyceride. 

(iv) The presence of 10% of palmitic acid can 
hardly be traced to oleic acid, for even though satura- 
tion and chain shortening have been suggested in 
consequence of certain in vivo experiments, these are 
very unlikely in the present instance to have occurred 
concurrently with preponderating oxidation. Clearly 
lipolysis of glycerides can occur to a certain extent 
even in a rendered (sterile) butterfat, probably from » 
subsequent enzymic contamination during storage, 
but it is apparent from the experiments now 
recorded that oxidation products predominate in the 
end products of rancidity. 

Finally, the low saponification equivalents of the 
total free fatty acids (170-200) reveal that a con- 
siderable error may be introduced when expressing 
the free fatty acidity of ghee ‘as % oleic acid’, as is 
often the case. It is suggested that either the acid 
value, which is independent of the nature of the free 
acidity, be used, or else that a figure of, say, 200 be 
taken as approximating to the average equivalent of 
the free acids normally produced during rancidity. 


SUMMARY 


1. A study has been made of three characteristic 
sets of ghee (Indian butterfat), comprising about a 
dozen very similar samples in each, after main- 
tenance in loosely corked bottles at temperatures 
between 15 and 20° over a period of 3 years. 

2. Changes in the analytical constants were 
strikingly similar—increases in Reichert value, 
marked increases in Polenske and saponification 
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values, losses in iodine value, and rather erratic 
changes in refractive index. 

3. Marked parallelisms between the alterations of 
the characteristics for any one sample suggested 
that these alterations proceed from a single general 
cause, most probably aerial oxidation. Increases in 
acidity,.in particular, exactly paralleled loss in 
iodine value for any particular batch of samples, 
suggesting an essentially oxidative mechanism pro- 
ducing free acidity in butterfat as opposed to a 
mainly lipolytic one in butter. 

4. The mixed free fatty acids from each batch 
of pooled rancid samples have been extracted 
thoroughly with ethanol and analyzed for component 
acids. Important features were: the presence of n- 
octane-1-carboxylic acid to the extent of 7-9 mol. % 
(proved by the preparation of its p-toluidide deriva- 
tive, a series of such derivatives from pure fatty 
acids being also incidentally prepared for reference 
purposes) and of normal homologous saturated acids 
from butyric to n-nonane-1l-carboxylic in roughly 
similar amounts; the, perhaps adventitious, pre- 
sence of acetic acid (as shown both by chromato- 
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graphic and direct fractionation methods); the 
occurrence of azelaic acid, with traces of unidentified 
higher and lower homologous dicarboxylic acids ; the 
presence of about 10 % of palmitic acid ; the absence 
of any great quantity of oleic acid, but the presence 
of fragments of uncharacterized lower unsaturated 
acids in small amounts, and of non-volatile residues 
of low equivalent and low iodine value to the extent 
of 10-20 % (accounting for nearly half of the total 
unsaturation). 

5. Most of the above features are considered to be 
explicable as resulting from the autoxidation, pro- 
bably as a glyceride, of oleic acid by recently pro- 
posed mechanisms. Polymerization also emerges as 
an important feature of rancidification in these 
comparatively saturated fats. Glyceride lipolysis 
also occurs, but to smaller extents than the two effects 
just enumerated. 


I wish to express my thanks to Prof. T. P. Hilditch, F.R.S., 
for invaluable help during this investigation, and to the 
Government of Madras for a scholarship held during its 


progress. 
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The Use of the Tyrosine Apodecarboxylase of Streptococcus faecalis R 
for the Estimation of Codecarboxylase 


By G. H. SLOANE-STANLEY, Department of Pharmacology, University of Oxford 


(Received 25 October 1948) 


The bacterial L-lysine and L-tyrosine decarboxylases 
have been shown to contain a coenzyme known as 
codecarboxylase; this substance was found to be 
widely distributed in nature (Gale & Epps, 1944a, 6; 
Epps, 1944). Gale & Epps have used the apoenzyme 
of the u-tyrosine decarboxylase of Streptococcus 
faecalis for the estimation of codecarboxylase; the 
rate of decarboxylation of tyrosine was a function of 
the amount of codecarboxylase added; the apoen- 


zyme was prepared by the dissociation of the holo- 
enzyme. A method of estimating codecarboxylase by 
means of tyrosine apodecarboxylase has also been 
described by Umbreit, Bellamy & Gunsalus (1945). 
They used, as source of apoenzyme, suspensions of 
freeze-dried cells of Strep. faecalis R, which had been 
grown in a vitamin B,-free medium. Such prepara- 
tions also contained an enzyme system which formed 
codecarboxylase from pyridoxal and adenosinetri- 
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phosphoric acid (ATP). Therefore, in the presence of 
excess ATP the rate of decarboxylation of tyrosine 
was a function of the amount of pyridoxal added. 

The present paper describes experiments in which 
acetone-dried preparations of vitamin B,-free cells of 
Strep. faecalis R were used for the estimation of code- 
carboxylase in tissues. In the course of this work, 
some new observations were made on the coenzyme- 
apoenzyme relationship of the tyrosine decarboxylase 
system of Strep. faecalis R. 





METHODS 


The methods used were similar to those described by Umbreit 
et al. (1945). The preparation of intact and acetone-dried 
cells of Strep. faecalis R has been described elsewhere 
(Sloane-Stanley, 1949). Cells grown in a vitamin B,-free 
medium contained tyrosine apodecarboxylase but no code- 
carboxylase; they will be called deficient cells. Cells grown 
in the same medium but in the presence of pyridoxal con- 
tained the enzyme saturated with codecarboxylase; they will 
be referred to as complete cells. 

The manometric procedure was similar to that already 
described (Sloane-Stanley, 1949). Unless otherwise stated, 
the total fluid volume in each flask was 3-0 ml. The side bulbs 
contained 0-4 ml. of a 0-04M-L-tyrosine suspension. The con- 
tents of the main compartments differed with the type of cell 
preparation used, as shown in Table 1. The cell preparations 


Table 1. Contents of main compartments of 
the manometer flasks 


(Total vol. of fluid 2-6 ml.) 


(a) ) (c) 
Dried deficient cells Dried complete Intact deficient cells 
cells 

0-2 ml. m-Acetate 0-2 ml. m-Acetate 1-0 ml. 0-075m- 
buffer (pH 5-5) buffer (pH 5-5) Phthalate buffer 
(pH 5-0) 

0-5 ml. Cell suspen- 
sion, from 3 ml. 
medium 


Pyridoxal 


1-0 mg. Cells 10 mg. Cells 


Source of codecar- — 
boxylase 


were always added last. The bath temperature was 28-5°. In 
experiments with acetone-dried deficient cells and pyridoxal, 
0-1 ml. of a sulphate-free solution or ATP, containing 1 mg. of 
the free acid, was added to each flask. The calcium pyridoxal- 
5-phosphate used in some of the experiments was kindly given 
by Dr K. Folkers; this substance will also be called synthetic 
codecarboxylase. For the experiments with acetone-dried 
cells, the gas phase was N,, because it was found that the 
rate of decarboxylation of tyrosine was 25% lower in air 
than in N,. On the other hand, air was used with intact cells 
as the rate of the reaction was the same in air as in N,. The 
course of the reaction was followed by taking readings every 
5 min. In some experiments the rate was low in the first few 
minutes after tipping, but subsequently increased and 
became steady. In every experiment the steady rate of 
evolution of CO, was measured and assumed to represent the 
true enzymic activity of the system; it was expressed in yl. 
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of CO,/hr., and is represented by V. The maximum value of V 
obtained with any given preparation of deficient cells, in the 
presence of enough codecarboxylase to saturate the apo- 
enzyme, is given as V,,,, (Umbreit ef al. 1945); the value of 
Vnax. Was assumed to be a measure of the concentration of 
apodecarboxylase in the preparation. 


RESULTS ; 
Estimation of codecarboxylase 


Acetone-dried deficient cells did not decarboxy- 
late tyrosine at all in the absence of any source of 
codecarboxylase nor did the addition of ATP to these 
preparations, in the absence of pyridoxal, cause any 
decarboxylation. Aqueous suspensions of these cells, 
stored in the refrigerator, retained their full tyrosine 
apodecarboxylase content for at least 24 hr. 


Preparation of tissue suspensions. At first, the procedure 
described by Bellamy, Gunsalus & Umbreit (1945) was used. 
A weighed piece of tissue was homogenized in 0-1N-NaOH; 
the mixture was heated for 5 min. in boiling water and stored 
inthe refrigerator. Before each estimation some of the homo- 
genate was acidified with N-HCl to pH approx. 5-5. Samples 
of the resulting suspension were then added to manometer 
flasks, as shown in Table 1 (a). Under these conditions V 
was approximately proportional to the volume of tissue 
suspension used, up to a value about 60% of V,,,,.. The 
relation between V and the amounts of tissue added was 
similar to that illustrated in Fig. 2, curve A. 

It was found that the codecarboxylase in homogenates of 
tissue in 0-1N-NaOH was not stable; for instance, in one 
experiment, a homogenate of rat liver had lost 50% of its 
original codecarboxylase activity after 18 hr. storage in the 
refrigerator. In borate buffers, however, the codecarboxylase 
activities of tissue homogenates were found to be more 
stable (Table 2). In another, similar experiment, a rat-liver 


Table 2. Effect of pH on stability of co- 
decarboxylase in rat liver homogenates 


(Contents of manometer flasks as in Table 1 (a); suspen- 
sion equivalent to 0-5 mg. of rat liver (homogenized in 
distilled water, and samples heated in the solutions below, 
for 4 min. at 100°) added to each flask as source of code- 
carboxylase.) 

Values of V (pl. CO,/hr.) 
Solution used for prepara- after storage in refrigerator for 
tion of homogenate (final 


coac., 0-1M) 0 hr. 24 hr. 72 hr. 
Borate (pH 8-0) 120 130 100 
Borate (pH 9-0) 110 100 90 
Borate (pH 10-0) 110 110 80 
NaOH 110 80 40 


homogenate in 0-01N-NaOH lost its codecarboxylase 
activity even more rapidly. In both these experiments, the 
loss of activity was least in the borate buffers of pH 8 and 9; 
in all subsequent assays of codecarboxylase, therefore, the 
following method was adopted. 

A weighed piece of tissue was homogenized in distilled 
water and 4 ml. of 0-25m-borate buffer (pH 8-5) were added to 
each 6 ml. of homogenate; the mixture was heated for 4 min. 
in boiling water and stored in the refrigerator. Before use, 
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a sample of this mixture was diluted with an equal volume of 
M-acetate buffer of pH 5-5; the resulting suspension was 
diluted with a suitable volume of distilled water. The pH of 
suspensions thus prepared was found to be 5-5 when measured 
with the glass electrode. The 0-25m-borate buffers used in 
these experiments were prepared from H,BO, and NaOH 
in the proportions given by Cole (1933), but without 
KCl. 


The codecarboxylase in these borate-buffered 
homogenates was found to be stable. For instance, 
in one experiment, the equivalent of 1 mg. of rat 
liver gave the following values of V: immediately 
after preparation, 140; after 120 hr. in the refrigera- 
tor, 150. 


600 
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tions of acetone-dried deficient cells synthetic code- 
carboxylase was a suitable standard for the estima- 
tion of codecarboxylase in tissues. In these experi- 
ments, the amount of apoenzyme was kept constant 
and varying amounts, either of rat liver (crosses, 
Fig. 1) or of calcium pyridoxal-5-phosphate (circles, 
Fig. 1) were added. The rate of decarboxylation was 
the same when either 2 mg. of rat liver or 0-03 yg. 
of calcium pyridoxal-5-phosphate were added ; Fig. 1 
has, therefore, been drawn so that these two points 
coincide. It will be seen that all the points for other 
values of V lie on or very near the same curve, 
irrespective of whether the source of codecarboxylase 
was rat liver or calcium pyridoxal-5-phosphate. 
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Fig. 1. Rates of decarboxylation of tyrosine by acetone-dried vitamin B,-free cells of Strep. faecalis R, with varying 
amounts of natural and synthetic codecarboxylase. +, rat liver suspension; O, calcium pyridoxal-5-phosphate; 


(a), x, pyridoxal (10 wg.) with ATP (1 mg.) 


Synthetic codecarboxylase was found to be 
unstable in distilled water; however, solutions in 
borate buffer, which had initially the same code- 
carboxylase activities as solutions in distilled water, 
were more stable. For instance, a solution of calcium 
pyridoxal-5-phosphate (0-1 yg./ml.) in distilled 
water lost 60 % of its activity in 48 hr. at — 2°, but 
a similar solution (0-16 yg./ml.) in 0-1M-borate 
buffer (pH 8-5) kept its full activity for 100 hr. at 0°. 
All subsequent experiments with synthetic code- 
carboxylase were therefore done with solutions in 
borate buffer. 

Estimation of codecarboxylase with calcium pyri- 
doxal-5-phosphate as standard. The experiments 
illustrated in Fig. 1 showed that with our prepara- 


As a result of these experiments the following 
procedure was adopted for the estimation of code- 
carboxylase in tissues. Determinations were carried 
out with at least two different volumes of tissue 
suspension, so chosen that the resulting values of V 
were approximately proportional to the amounts of 
tissue used; the equivalent quantitites of calcium 
pyridoxal-5-phosphate were found from the cali- 
bration curve of the sample of cells used (e.g. Fig. 1), 
and the mean of the results was taken as the concen- 
tration of codecarboxylase in the suspension. 

Table 3 gives the results of the assay of three 
different rat livers; these results were obtained with 
the sample of cells for which the calibration curve is 
given in Fig. 1. The maximum enzymic activity 
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(V.iax.) of this preparation did not change in six 
weeks, but others have been less stable. With the 
small amounts of eodecarboxylase used in these 
assays, however, small decreases in the tyrosine 
apodecarboxylase content of a sample of cells are of 
little importance. For instance, in an experiment 
with 1 mg. of rat liver, V was 150 when 1 mg. of 
cells was used; with 2 mg. of cells, V was 180; 
therefore, doubling the amount of apoenzyme had 
only increased V by 20 %. With a constant quantity 
of apoenzyme, V depends on the amount rather than 
on the concentration of codecarboxylase added: in 
an experiment with 1 mg. of cells and 0-02 yg. of 
calcium pyridoxal-5-phosphate, V was 240 when the 
volume of liquid in the manometer flask was 3 ml.; 
when the concentration of codecarboxylase was 
doubled by reducing the volume to 1-5 ml., V in- 
creased by only 8%, to 260. These results suggest 
that nearly all the added codecarboxylase combined 
with the apoenzyme. 


Table 3. Estimation of codecarboxylase in rat liver, 
with acetone-dried deficient cells calibrated with 
calcium pyridoxal-5-phosphate 

Codecarboxylase 
content of liver 
(myg. calcium 


Animal used as Amount of yridoxal-5- 
source of liver* liver (mg.) (ul. CO,/hr.) phosphate/mg.) 
Deficient in 0-5 80 11-0 
vitamin B, 1-0 150 11-0 
Mean 11-0 
Control receiving 0-5 110 16-0 
vitamin B, 1-0 195 15-0 
Mean 15-5 
Control receiving 0-5 130 19-0 
vitamin B, 1-0 210 16-0 
Mean 17-5 


* See Blaschko, Carter, O’Brien & Sloane-Stanley (1948). 


Estimation of codecarboxylase with pyridoxal as 
standard. Before synthetic codecarboxylase became 
available, assays were made using pyridoxal, with 
excess ATP as suggested by Umbreit et al. (1945). 
The relation between V and amounts of pyridoxal 
added to the acetone-dried deficient cells in the 
presence of ATP was similar to that reported by 
Umbreit et al. for freeze-dried cells; but difficulties 
were encountered when attempts were made to 
express the codecarboxylase activities of tissues in 
terms of pyridoxal, for two reasons. First, the curves 
obtained by plotting V against amounts of tissue 
suspension added to the cells could not be super- 
imposed on those obtained with pyridoxal in the 
presence of ATP. It was found that V was nearly 
proportional to the volume of tissue suspension 
added up to a value of about 60 % of V,,,,,, whereas 
V was proportional to the amount of pyridoxal 
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added up to a value of only 25 % of V,,,..; yet the 
values of V,,,, obtained with tissue suspension and 
with pyridoxal were almost identical (Fig. 2). 
Secondly, the relation between V and the amount of 
pyridoxal added to a given preparation of cells was 
not constant, but varied from one experiment to 
another ; the result of the experiment described below 
suggests that this may have been due to the time ~ 
taken for the phosphorylation of added pyridoxal. 
In this experiment, the manometer flasks were 
shaken in the bath for varying times before the 
addition of the tyrosine to the main compartments. 
With 0-05 yg. of pyridoxal, V increased more than 
threefold when the time of equilibration was in- 
creased from 10 to 130 min. ; with 10 yg. of pyridoxal, 
the increase in V was less than 25 %. 
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Fig. 2. Rates of decarboxylation of tyrosine by acetone-dried 
vitamin B,-free cells of Strep. faecalis R, with varying 
amounts of rat liver suspension (curve A) and of pyridoxal - 
in the presence of 1 mg. ATP (curve B) as sources of 
codecarboxylase. 


Synthetic pyridoxal acetal-3-phosphate was tested 
as a possible source of codecarboxylase, using 1 mg. 
of acetone-dried cells. With 20 yg. of pyridoxal 
acetal-3-phosphate, V was about 30; with 20 yg. of 
this substance plus 1 mg. of ATP, V was about 60; 
with 0-01 yg. of pyridoxal plus 1 mg. of ATP, V was 
120; the value of V,,,, for this sample of cells, 
determined with 10 yg. of pyridoxal plus ATP, was 
600. These results do not support the view that 
pyridoxal acetal-3-phosphate has codecarboxylase 
activity ; they suggest that the sample used may have 
contained a trace of codecarboxylase and of pyridoxal. 


Properties of the tyrosine decarboxylase system 


(a) Acetone-dried deficient cells 


Effect of sulphate. It was found that sulphate 
inhibited the decarboxylation of tyrosine by pre- 
parations of acetone-dried deficient cells in the 
presence of codecarboxylase (Table 4). The inhibition 
increased with increasing sulphate concentration, 
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when the amount of synthetic codecarboxylase 
added was kept constant and was almost enough 
to saturate the apoenzyme. When the concen- 
tration of sulphate was kept constant, the inhibition 
was most marked with small amounts of codecarb- 
oxylase, but very nearly disappeared with large 


Table 4. Effect of sulphate concentration on the decarb- 
oxylation of tyrosine by acetone-dried deficient cells 


(Source of codecarboxylase: 0-07 yg. calcium pyridoxal- 
5-phosphate.) 


Concentration V Inhibition 
of Na,SO, (m) (pl. CO,/hr.) (%) 
0 565 —- 
3-3 x 10-4 535 5 
1x10-3 460 19 
3-3 x 10-3 300 47 
1x10 190 66 
3-3 x 10-2 100 82 


Table 5. Effect of varying the amount of codecarboxy- 
lase on the inhibition by sulphate of the decarboxy- 
lation of tyrosine by acetone-dried deficient cells 


(Concentration of Na,SO,, 10-*m.) 


Calcium 

pyridoxal- V without V with 

5-phosphate sulphate sulphate Inhibition 

added (yg.) (pl. CO,/hr.) (yl. CO,/hr.) (%) 
0-025 285 75 74 
0-07 520 170 67 
0-2 630 375 40 
0-7 645 590 8-5 
7-0 715 655 8-5 


amounts of codecarboxylase (Table 5). The degree of 
inhibition by sulphate depended on the order in 
which sulphate and syuthelic codecarboxylase were 
added to the apoenzyme preparation (Table 6). In 


Table 6. Inhibition by sulphate : effect of varying 
order of addition of constituents of system 


(Main compartments of manometer flasks contained 
acetone-dried deficient cells and acetate buffer, as in 
Table 1(a). Source of codecarboxylase: 0-025 pg. calcium 
pyridoxal-5-phosphate (added in 0-25 ml.). Concentration 
of sulphate 10-?m, added as 0-3 ml. 0-1M-Na,SO,. Code- 
carboxylase in main compartment.) 


Manometer no. 1 2 3 

Sulphate .. Not added In main com- In side bulb 
partment 

V (ul. CO,/hr.) 285 75 265 
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the flask in which sulphate was added from the side 
bulb together with the tyrosine at the moment of 
tipping, the codecarboxylase had been in contact 
with the dried-cell preparation for about 30 min. 
Under these conditions the addition of sulphate had 
an almost negligible effect. 

Sulphate also inhibited the reaction in experiments 
in which pyridoxal and ATP were used as source of 
codecarboxylase. For instance, in an experiment in 
which 10 yg. of pyridoxal were added, V was 500 in 
the absence of sulphate; in the presence of 0-033m- 
sodium sulphate, V was 110. In another similar 
experiment the corresponding figures were: without 
sulphate, 580; with 0-0033M-sodium sulphate, 390. 

Other salts. Tables 7 and 8 give some results 
obtained with other substances which were found to 
inhibit the reaction when acetone-dried deficient 
cells were used. The experiments of Table 7 were 
done with synthetic codecarboxylase, those of 


Table 7. Inhibition of tyrosine decarboxylase system 
in acetone-dried deficient cells by phthalate, phos- 
phate, and pyrophosphate 


(Source of codecarboxylase: 0-07 yg. calcium pyridoxal- 
5-phosphate.) 
V without 


V with salt salt Inhibition 


Salt added (ul. CO,/hr.) (ul.CO,/hr.)  (%) 
10-?m-phthalate 30 600 95 
buffer (pH 5-5) 
3-3 x 10-? M-KH,PO, 290 600 52 
3-3 x 10-m-KH,PO, 480 475 0 
3°3 x 10-2m-Na,H,P,0, 230 455 50 
3-3x10-°m-Na,H,P,0, 490 475 0 


Table 8 with pyridoxal and ATP. It will be seen that 
phthalate was a stronger inhibitor than sulphate, 
whereas phosphate and pyrophosphate had a much 
weaker action. Some chlorides were also tested: 
NaCl, KCl and BaCl,, each in a final concentration 
of 0-033, did not affect the rate of decarboxylation 
of tyrosine by 1 mg. of acetone-dried deficient cells 
in the presence of 0-07 yg. of calcium pyridoxal-5- 
phosphate. 


(b) Acetone-dried complete cells 


With complete cells, the inhibitory effects of the 
salts tested as described above were either absent or 
less marked. There was no inhibition with sulphate, 
phosphate, or pyrophosphate. With phthalate the 


Table 8. Effects of phthalate and phosphate with acetone-dried deficient cells, and pyridoxal and ATP 


Pyridoxal 
added (yg.) Salt added 
10 2-5 x 10-* M-Phthalate 
buffer (pH 5-5) 
0-1 3-3 x 10-2 M-Phthalate 


buffer (pH 5-5) 
0-1 3-3 x 10-? M-KH,PO, 


V with salt V without salt Inhibition 
(ul. CO,/hr.) _ (yl. CO,/hr.) (%) 
180 330 45 
20 170 88 
100 170 4l 
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degree of inhibition was only 22 %. All these sub- 
stances were tested in a final concentration of 


0-033 M. 


(c) Intact cells 

With intact deficient cells, substitution of 0-067 M- 
acetate buffer (pH 5-0) for the phthalate buffer 
normally used had no effect on the value of V. Using 
intact deficient cells in the same acetate buffer, the 
value of V was not affected by the addition of 
0-033M-sulphate, phosphate or pyrophosphate. 

It was found that codecarboxylase did not restore 
the complete tyrosine decarboxylase system in intact 
deficient cells. Experiments were done with both 
synthetic and natural codecarboxylase. For instance, 
the addition of 3-7 yg. of calcium pyridoxal-5- 
phosphate to a washed suspension of intact deficient 
cells did not cause any significant decarboxylation of 
tyrosine (V +8); yet V equalled 430 in the same 
experiment when 10 yg. of pyridoxal were added. In 
an experiment with rat-liver suspension as source of 
codecarboxylase, the equivalent of 110 mg. of rat 
liver was added to a sample of intact deficient cells; 
this did not cause any decarboxylation of tyrosine 
(V=0), as compared with V=320 when 10 yg. of 
pyridoxal were added. The amount of codecarb- 
oxylase in 110 mg. of rat liver is equivalent to about 
1-65 pg. of calcium pyridoxal-5-phosphate, which was 
more than enough to saturate the apoenzyme in 1 mg. 
of an active sample of acetone-dried deficient cells 
(Fig. 1). 

DISCUSSION 


Difficulties were encountered in the attempt to 
estimate codecarboxylase in terms of pyridoxal, 
using acetone-dried preparations of Strep. faecalis R. 
The experiments described above suggest that this 
was mainly due to an impairment in such cells of the 
system which forms codecarboxylase from pyridoxal 
and ATP. The difference between our results and 
those of Umbreit et al. (1945) is probably explained 
by our use of acetone-dried instead of freeze-dried 
cells. It has been shown, however, that acetone-dried 
preparations of vitamin B,-free cells (deficient cells) 
permit the estimation of tissue codecarboxylase in 
terms of the synthetic substance, with a probable 
error of +10%. Our observations support the 
findings of Gunsalus & Umbreit (1947) that synthetic 
pyridoxal acetal-3-phosphate, which was claimed by 
Karrer & Viscontini (1946) to be an active form of 
codecarboxylase, has in fact little or no codecarb- 
oxylase activity. 

The finding that codecarboxylase is unstable in 
distilled water agrees with observations of Umbreit 
et al. (1945). Borate buffer (0-1M, pH 8-5) has proved 
useful in preserving the codecarboxylase activities of 
solutions of both natural and synthetic codecarb- 
oxylase. This effect of borate is of interest since there 
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is evidence for the formation of a stable complex 
between borate and pyridoxine (Scudi, Bastedo & 
Webb, 1940). 

The experiments on the inhibitory action of 
sulphate on the tyrosine decarboxylase system 
suggest that sulphate has no effect on the complete 
tyrosine decarboxylase, but that it acts by preventing 
the combination of codecarboxylase with tyrosine- 
apodecarboxylase. This is supported by the obser- 
vation that the inhibition occurred only with 
acetone-dried deficient cells whatever the source of 
codecarboxylase used, while sulphate had no effect 
on acetone-dried complete cells. The finding that, 
with acetone-dried deficient cells, the inhibitory 
effect of sulphate was most marked with small 
amounts of codecarboxylase but was small with large 
amounts of codecarboxylase, suggests that sulphate 
competes with codecarboxylase for the apoenzyme. 
The finding of sulphate inhibition is of practical 
importance in the estimation of codecarboxylase in 
terms of pyridoxal in the presence of ATP, since it 
makes it necessary to ensure that the ATP solutions 
used are free of sulphate. 

Our observations on the inhibitory effects of 
phosphate and phthalate are in agreement with 
those of Epps (1944). With intact deficient cells, no 
inhibitory effect of sulphate, phthalate, phosphate or 
pyrophosphate on the decarboxylation of tyrosine in 
the presence of pyridoxal was observed. 

It has been reported that in growing cells of Strep. 
faecalis R, synthetic codecarboxylase has no vitamin 
B, activity (Rabinowitz & Snell, 1947). This is of 
interest in view of the inability of intact deficient 
cells to decarboxylate tyrosine in the presence of . 
large amounts of codecarboxylase. It seems that in 
the cells of Strep. faecalis R the apoenzyme is in- 
accessible to added codecarboxylase. Our results 
suggest that intact deficient cells of Strep. faecalis R 
could be used to detect pyridoxal in the presence of 
codecarboxylase. The absence ofany decarboxylation 
of tyrosine when rat-liver suspensions were used with 
intact deficient cells shows that the pyridoxal content 
of the suspensions was negligible. 


SUMMARY 


1. The use of acetone-dried cells of Streptococcus 
faecalis R, grown in a vitamin B,-free medium, as a 
source of tyrosine apodecarboxylase for the esti- 
mation of codecarboxylase, has been investigated. 

2. Satisfactory assays of codecarboxylase in 
animal tissues can be made with such preparations, 
using calcium pyridoxal-5-phosphate (synthetic 
codecarboxylase) as standard. 

3. Solutions of both synthetic and natural code- 
carboxylase in 0-1 M-borate buffer (pH 8-5) keep their 
full initial codecarboxylase activities for several days 
in the cold. 
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"4. With acetone-dried deficient cell preparations, 
pyridoxal in the presence of ATP is not a satisfactory 
standard. This is probably due to the low activity 
of the pyridoxal-phosphorylating system in such 
preparations. 

5. Sulphate, phthalate, phosphate and pyro- 
phosphate inhibit the decarboxylation of tyrosine 
by acetone-dried deficient cells in the presence of 
small amounts of codecarboxylase; the inhibition 
by sulphate is reduced or abolished by an increase 
in the amount of codecarboxylase added. These sub- 
stances do not inhibit the decarboxylation of tyro- 
sine by intact deficient cells in the presence of 
pyridoxal; with acetone-dried preparations of cells 
grown in a medium containing excess pyridoxal they 
have little or no inhibitory effect. The action of these 
salts is, therefore, interpreted not as an inhibition 
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of the holoenzyme, but as an interference with the 
reaction between codecarboxylase and the apo- 
enzyme. 

6. Vitamin B,-free intact cells of the organism do 
not decarboxylate tyrosine in the presence of either 
synthetic or natural codecarboxylase. 
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Strep..faecalis R, (A.T.C.C. 8043), to Dr K. Folkers of Merck 
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for a gift of ATP (barium salt), and to Messrs Roche Products 
Ltd. for gifts of pyridoxalacetal-3-phosphate. I wish to 
thank Prof. J. H. Burn, F.R.S., for the hospitality of this 
Department; I am grateful to Drs H. Blaschko and D. D. 
Woods for much help and advice, and to the Medical 
Research Council for a studentship. 
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A Quantitative Study of Complex Formation 
in Heated Protein Mixtures 


By A. KLECZKOWSKI, Rothamsted Experimental Station, Harpenden, Herts 


(Received 18 November 1948) 


When proteins are heated together under certain 
conditions, the heat-denatured particles of different 
proteins can combine to form complex aggregates. 
Previous work on such complexes has been solely 
qualitative. It has shown that complexes are 
formed (Kleczkowski, 1945) and that they can differ 
from their components in solubility and precipi- 
tability by salts (Kleeczkowski, 1941la), electropho- 
retic mobility (Van der Scheer, Wyckoff & Clarke, 
1941), isoelectric point (Kleezkowski, 1946) and 
serological behaviour (Kleczkowski, 19416; Bawden 
& Kleezkowski, 1941, 1942a, b), but there has been 
no quantitative work on their formation or pro- 
perties. The present paper describes (i) the effect of 
varying the concentrations and ratios of the com- 
ponents in heated mixtures on the constitution of the 
resulting complexes, and (ii), the effect of variations 
in the constitution of the complexes on their 
solubility and serological behaviour. 


MATERIALS AND METHODS 


The proteins used were tobacco mosaic virus (TMV), tomato 
bushy stunt virus (BSV) and human-serum albumin. The 
viruses were purified by the methods described by Bawden 
& Pirie (1943). For convenience the heat-denatured viruses 
will be referred to as viruses, although they are non-infective 
and heat-denatured TMV has also lost its serological activity 
and its nucleic acid. The albumin was a crude unfractionated 
preparation from human serum. Afterremoval of the globulin 
by half saturation with (NH,).SO, and filtration, the filtrate 
was saturated with the salt. The precipitated albumin was 
collected by filtration, dissolved in water and dialyzed against 
water. Toluene was added as an antiseptic. 

In all experiments designed to test the effect of heat, the 
protein solutions were made with m/15 phosphate buffer at 
pH 6-8 and heated in thin-walled test tubes immersed in 
a water bath. Except when otherwise stated, the time of 
heating was 10 min. and the temperature of the water bath 
83°. Under these conditions, when heated alone, both viruses 
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coagulate, whereas when they are heated in the presence of 
sufficient albumin, no coagulum separates. 

The complexes formed between albumin and each of the 
viruses were isolated by precipitation with (NH,),SO,, which 
was used at concentrations insufficient to precipitate albumin 
after this protein had been heated alone. The precipitates 
were sedimented by centrifuging for 10 min. at 6000 rev./min. 
and washed 3 times with 5 % (w/v) trichloroacetic acid. Their 
N, P and carbohydrate contents were estimated, and the 
relative colour intensity given by them in the May & Rose 
(1922) test for tryptophan was determined. From .these 
results the total protein and the ratio of the constituent 
proteins in the complexes were obtained. N was estimated 
by the micro-Kjeldahl method, and translated into protein 
by multiplication by 6-4. P and carbohydrate were estimated 
colorimetrically (Kleczkowski, 1946). The colorimetric test 
for tryptophan differed in some respects from Bates’s (1937) 
modification of the May & Rose (1922) test. The reagent 
(6 ml.) wasadded to0-4 ml. ofa protein solution or suspension, 
the mixture incubated for 5 min. at 75° and then cooled; 
the intensities of the blue colours formed by different protein 
preparations were compared in a colorimeter of Duboscq 
type. (The reagent consisted of 25 ml. of conc. HCl +0-5 ml. 
of 5 % (w/v) p-dimethylaminobenzaldehyde in 10 % (w/v) 
H,SO, +0-2 ml. of 1 % (w/v) NaNO,. The constituents were 
freshly mixed for each test.) 


RESULTS 
Aggregation of the albumin heated alone 


As a preliminary to using precipitation with 
ammonium sulphate for isolating the complexes, the 
effect of heating on the albumin alone was studied. 
It was found that the precipitability of heated 
albumin by the salt depends on several factors such 
as the temperature and the duration of heating, the 
concentration of albumin during heating, the con- 
centration of albumin after heating when the salt is 
added, and the lapse of time between adding the salt 
and centrifuging. For the purpose of this work 
variation in the albumin concentration during 
heating was the most important of these factors, and 
its effect was studied in detail. Fig. 1 shows the 
effects of heating 1, 0-5 and 0-25 % albumin solutions. 
After cooling, the 1 and 0-5% albumin solutions 
were diluted to four times and twice their volumes 
respectively with m/15 phosphate buffer at pH 6-8 
to bring all the solutions to the same protein concen- 
tration. Different amounts of saturated ammonium 
sulphate solution were added to different samples 
from each solution. The mixtures were kept for 
15 hr. at room temperature, centrifuged for 10 min. 
at 6000 rev./min. and the amounts of sedimented 
protein were estimated. These, expressed as per- 
centages of total albumin, are plotted in Fig. 1 
against concentrations of ammonium sulphate, 
expressed as percentages of saturation. 

It will be seen that the higher the concentration of 
the albumin during heating, the lower was the 
minimum concentration of the salt necessary to 
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produce precipitation and the greater was the 
amount precipitable by salt concentrations between 
31 and 50 % saturation. On the other hand, at 60% 
saturation, which precipitated only about 4% of the 
unheated albumin, about 85 % of the total albumin 
was precipitated from all three heated solutions. It 
seems that the proportion of albumin denatured by_ 
heat did not depend appreciably on the albumin 
concentration during heating. The 85 % of the total 
albumin which was rendered precipitable by 60% 
saturated ammonium sulphate probably consisted 
of fractions that denature rapidly at 83°, and the 
remaining 15% (probably mainly glycoprotein) of 


-fractions with lower denaturation rates or with 


solubilities not greatly affected by heat. 


Albumin precipitated (70) 
8s 868 8 8 8 


—= 
o 





0 
30 35 40 50 60 


Saturation with (NH,4)2:SO. (%) 


Fig. 1. Percentages of heated albumin precipitated by 
different concentrations of ammonium sulphate. @, 
Albumin heated in 1% solution; @, in 0-5% solution; 
@, in 0-25 % solution; O, values of 0-85p (p being obtained 
from equation (1); for significance of k see text). 


Pedersen (1931) has shown that when albumin 
solutions, ultracentrifugally homogeneous before 
heating, are heated under conditions in which 
coagulation does not occur, they contain after 
heating, components with different sedimentation 
constants. From theoretical considerations of the 
kinetics of aggregation it is to be expected that the 
higher the concentration of a heated albumin 
solution, the greater will be the extent of aggrega- 
tion. It seems likely that precipitability with 
ammonium sulphate at concentrations lower than 
60 %, at which all the denatured albumin separates, 
depends on the extent to which the denatured 
protein molecules have aggregated. Supporting 
evidence for this assumption was obtained from the 
results of an experiment in which the three heated 
albumin solutions were adjusted to a concentration 
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of 0-25% and centrifuged for 30 min. at 40,000 
rev./min. in an air-driven angle centrifuge. The 
pellets produced contained 60, 40 and 20% of the 
total protein from the solutions heated at 1, 0-5 and 
0-25 % albumin respectively, whereas no pellet was 
obtained from an unheated solution of the albumin. 
These proportions corresponded approximately with 
those of the amounts precipitated from the three 
solutions by 35% saturated ammonium sulphate 
(Fig. 1). 

From Smoluchowski’s (1916, 1918) theory of 
aggregation in monodisperse colloidal solutions with 
approximately spherical particles, the formula (1) is 
derived for the proportion (p) of material composed 
of k and more primary particles; 

< 4a! ( a \*/k 1 1 

e= Eran (i) Gt) 
where «=8erRDy t, and R is the radius of the 
primary particle (in em.), D is its diffusion constant 
(in em.?/sec.), v9 is the original number of primary 
particles in unit volume (ml.), ¢ is the length of time 
of aggregation (in sec.) and ¢ is the fraction of 
collisions resulting in permanent combination. 

The results shown in Fig. 1 fit formula (1) if three 
assumptions are made: first, that the 85% of 
albumin denatured rapidly, so that during most of 
the 10 min. heating at 83° only aggregation was 
occurring; secondly, that all the heat-denatured 
albumin molecules were of approximately the same 
size and equally likely to aggregate; thirdly, that 
the amounts of albumin precipitated from the three 
heated solutions by a given concentration of 
ammonium sulphate were at least roughly equal to 
the amounts of albumin which existed in the form of 
aggregates composed of at least k primary particles. 
Different values of k would then correspond with 
different concentrations of the salt. This can be 
assumed in spite of the fact that, whereas k takes 
only integral values, the amount of precipitated 
albumin is a continuous function of the concentra- 
tion of ammonium sulphate. 

The value of ¢€ will be expected to be low because 
heat-denatured albumin molecules remain charged 
at pH 6-8. All the values determining «, except vo, 
are constant, so that the value of « is proportional to 
the concentration of heated albumin solutions. 

The value of « for one albumin concentration was 
so chosen that when, for one chosen value of k, the 
value of p was fitted to the curve in Fig. 1, the value 
of p for another albumin concentration fitted to the 
corresponding point of the other curve. Thus the 
values taken for « were 0-7, 1-4 and 2-8 for 0-25, 
0-5 and 1% albumin solutions respectively. It will 
be seen from Fig. 1 that when the values of p, corre- 
sponding to different values of k, were made to fit 
to the curve for one of the albumin concentrations, 
the other two values fitted corresponding points 
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on the other two curves through the whole 
range. 

From the results of fitting the formula (1) to the 
curves in Fig. 1 it can be concluded that only about 
half of the material was in the form of aggregates 
composed of at least five, three and two primary 
particles in the heated solutions containing 1, 0-5 and 
0-25% albumin respectively, and in the 0-25% 
albumin solution the proportion of material in 
aggregates containing seven or more primary 
particles was negligible. The aggregation did not, 
therefore, progress very far. It can also be concluded 
that, because the value of ¢ is of the order of 10-%, 
only one out of about 10° collisions resulted in 
permanent combination. (There are reasons to 
suppose that the value of « decreases rapidly with 
decreasing temperature.) So many assumptions are 
involved, however, that these conclusions can only 
be considered as tentative. 


Estimations of the ratios of the constituents 
in the complexes 


Three solutions were heated : A, 0-042 % TMV and 
0-25% albumin; B, 0-042% BSV and 0-25% 
albumin; C, 0-25 % albumin. Each was then divided 
into samples (4 ml.) which were mixed with varying 
amounts of saturated ammonium sulphate solution. 
The mixtures, and samples containing no ammonium 
sulphate, were kept for 24 hr. at room temperature 
and then centrifuged for 10 min. at 6000 rev./min. 

Control solutions of the two viruses heated alone 
at a concentration of 0-042 % coagulated completely 
and were sedimented by centrifugation without 
adding ammonium sulphate. The coagula from 4 ml. 
samples from the solutions of TMV and BSV con- 
tained 1-6 and 1-7 mg. of protein respectively. The 
coagulum obtained from the solution of TMV was 
free from nucleic acid, as it contained neither 
phosphorus nor carbohydrate. The coagulum from 
the solution of BSV, on the other hand, contained 
nucleic acid and had 1-3% phosphorus and 6% 
carbohydrate. 

The presence of 0-25 % albumin protected TMV 
from coagulation, and partially protected BSV. 
When solution B was left undisturbed after heating, 
a coagulum separated, but it formed much more 
slowly and was much less than in a control solution 
of the virus heated alone. 

Fig. 2 shows that some protein was sedimented 
from solutions A and B by centrifugation for 10 min. 
at 6000 rev./min. in the absence of ammonium 
sulphate, and progressively more was sedimented 
with increasing amounts of the salt up to 33% 
saturation. Nothing was sedimented from the 
solution of albumin heated alone until the concen- 
tration of the salt exceeded 33 % saturation. 

All the virus was precipitated from solutions A and 
B when the ammonium sulphate concentration 
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reached 33 % saturation. With BSV this was shown 
by estimation of phosphorus, which constitutes 1-3 % 
of the virus and only about 0-01 % of the albumin. 
Thus solution B contained 0-022 mg. of virus 
phosphorus/4 ml. and only about 0-001 mg. of 
albumin phosphorus/4 ml. The total amount of 
protein in the precipitate was 45mg. with a 
phosphorus content of 0-023 mg., so that the whole 
of the virus (1-7 mg.) must have been in the pre- 
cipitate. Thus 2-8 mg. of albumin was combined into 
a complex with the virus. 
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Fig. 2. Precipitating proteins by ammonium sulphate from 


heated solutions containing TMV, BSV and albumin. 
The ordinates show the increments in the amounts of 
precipitated protein corresponding to the increments in 
the concentration of ammonium sulphate shown by the 
abscissae. They were obtained by subtracting the amount 
of protein precipitated at a given concentration of the 
salt from the amount precipitated at the next higher 
concentration. A, 0-042% TMV and 0-25% albumin; 
B, 0-042% BSV and 0-25% albumin; C, 0-25 % albumin. 


The content of TMV in the precipitate obtained 
from solution A by 33% saturated ammonium 
sulphate was estimated colorimetrically by the May 
& Rose (1922) test for tryptophan, in which TMV 
gives four times the colour given by an equal weight 
of albumin. The possibility of an albumin fraction, 
with a chromogenic power different from the average, 
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participating preferentially in the complex forma- 
tion could be excluded. It can be seen from Fig. 2 
that it is the fraction of heated albumin precipitable 
between 33 and 36% saturation with ammonium 
sulphate which contributed mainly to the complex 
formation. This fraction was found to have the same 
chromogenic power as the remaining albumin. 

The total amount of protein precipitated by 
33% saturated ammonium sulphate from heated 
solution A was 7:85 mg., which was equivalent in 
its chromogenic power to 3:-2mg. of TVM. Ex- 
pressing the amount of virus in the precipitate as 
x, x+(7:85—2)/4=3-2, so that x= 1-65 mg., ie. all 
the virus protein was in the precipitate, and so the 
complex contained 6-2 mg. of albumin. 

From these results it follows that the albumin/virus 
ratios in the complexes were 3-9 and 1-65 with TMV 
and BSV, respectively. However, the fact that the 
complexes can be fractionated (Fig. 2) suggests that 
the ratio of the constituents in single aggregates of 
the complexes may have varied considerably, so that 
the ratios should be taken as averages for the two 
complexes. 

The phosphorus content of TMV present in 4 ml. 
of the solution A was about 0-009 mg., whereas 
only a trace of phosphorus (about 0-001 mg.) could 
be detected in the precipitate obtained by 33% 
saturation with ammonium sulphate. This can be 
attributed to the albumin present in the precipitate, 
as can the 0-06 mg. of carbohydrate found there (the 
carbohydrate content of the albumin is approx. 
0-9 %). Thus the heat-denatured protein of the virus, 
which had formed a complex with heat-denatured 
albumin, did not contain any appreciable quantity - 
of nucleic acid. The albumin, by forming a complex 
with the heat-denatured virus, can protect it from 
coagulation, but not from loss of nucleic acid. 
Similarly, it does not protect it from the loss of its 
ability to react with antibodies to the virus. 

Bawden & Kleezkowski (1941, 1942a) showed that 
proteins such as BSV, which can be denatured by 
heat without losing their ability to react with their 
antibodies, if combined during heating into com- 
plexes with enough serum albumin, are not pre- 
cipitated by their antibodies. They still combine 
with them, however, and can specifically inhibit the 
precipitation of unchanged antigens. By contrast, 
complexes formed during heating between serum 
albumin and TMV, which loses its serological activity 
during early stages of heat denaturation, do not 
inhibit precipitation of unchanged TMV. This has 
been confirmed with complexes formed during 
10 min. heating at 80 or 83° in mixtures with 
albumin/TMV ratios varying from 5:1 to 15:1. No 
combination between the complexes and virus anti- 
bodies occurred to any extent demonstrable either 
by precipitation or by specific inhibition of pre- 
cipitation of unchanged virus. 
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The denaturation rate of TMV does not seem to be 
influenced by the presence of the albumin. This 
conflicts with the earlier statement (Bawden & Klecz- 
kowski, 1941) that addition of serum albumin 
protects TMV from the loss of serological activity 
and infectivity during heating. The solutions used 
in the previous work were made in 0-9% sodium 
chloride and were unbuffered, and unnoticed 
differences in the pH between virus-albumin mixtures 
and solutions of the virus alone probably explain the 
apparent protection. In this work, with all the 
solutions containing M/15 phosphate buffer at pH 6-8, 
no differences in serological activities have been 
found between heated virus-albumin mixtures and 
solutions of the virus heated alone. At 83 or 80°, 
denaturation of TMV at pH 6-8 is so rapid that no 
comparisons can be made, but comparison is possible 
at 77°. Heating at 77° for varying lengths of time 
caused equal decreases in the precipitin titres, with 
an antiserum to TMV, in solutions of the virus alone 
and in those containing virus and albumin. This was 
so in spite of the fact that virus-albumin mixtures 
remained clear, whereas coagula appeared in the 
solutions of the virus alone. 


The effects of varying the ratio of the components 
in heated mixtures 


The complexes were isolated by precipitation with 
ammonium sulphate used at concentrations in- 
sufficient to precipitate control solutions of albumin 
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Albumin/virus ratios in complexes 
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Albumis/virus ratios in heated mixtures 


Fig. 3. Albumin/virus ratios in complexes formed in heated 
solutions containing the virus at constant concentration 
{0-04.%) and albumin in varying concentrations; @, com- 
plexes between TMV and albumin; O, complexes between 
BSV and albumin. 


heated alone, and tests were made to ensure that all 
the virus was in the isolated complex. Fig. 3 shows 
the ratios of albumin to virus in the complexes formed 
in heated mixtures in which the virus concentration 
was kept constant at 0-04 % and that of the albumin 
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varied. The method of isolating the complexes worked 
satisfactorily with the TMV-albumin mixtures over 
the whole range of the ratios shown. With BSV- 
albumin mixtures, however, it was satisfactory only 
until the albumin/virus ratio in the mixture reached 
8. At ratios higher than 8 the complexes were not 
precipitated by ammonium sulphate until the salt 
concentration was raised to the level at which control 
albumin solutions also precipitated. Within the range 
tested, an increase in albumin/virus ratio in the 
heated mixture corresponded with a slightly more 
than proportional increase of the ratio in the com- 
plex formed. Thus, as the concentration of the 
albumin increased, so did the proportion of it com- 
bined with the virus into the complex (see Fig. 4). 
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Albumin/virus ratios in heated mixtures 


Fig. 4. Percentages of albumin combined into complexes 
with the virus in heated solutions containing the virus at 
constant concentration (0-04%) and albumin in varying 
concentrations; @, TMV; O, BSV. 


Figs. 3 and 4 also show that under similar con- 
ditions the amount of albumin combining with TMV 
was about 2-4 times that combining with BSV. The 
same amount of albumin combined with both viruses 
when the albumin/virus ratio in the heated mixture 
was about twice as great with BSV as with TMV. 
Similarly, when the two viruses were in equal con- 
centrations, the minimum concentration of albumin 
necessary to protect BSV from heat coagulation was 
about twice as great as that necessary to protect 
TMV. For example, to protect 0-04 % BSV at least 
0-3% albumin had to be present, whereas with 
0-04 % TMV 0-15 % albumin was sufficient. Under 
these conditions, the albumin/virus ratio in both 
complexes was about 1-8 and this ratio in the complex 
seems to be the minimum necessary to prevent heat 
coagulation of either virus. 

When the albumin concentration in heated 
mixtures was kept constant and that of the virus 
varied, an increase in virus concentration was 
accompanied by a slightly less than proportional 
decrease in the albumin/virus ratio in the complex 
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(Table 1). From this, and from the results shown in 
Figs. 3 and 4, it can be deduced that, if the ratio of 
the components in heated mixtures is kept constant 
but the concentration is varied, the albumin/virus 
ratio in the complex should increase with the increase 
in the concentration. This was directly shown 
experimentally as described in the next section. 


Table 1. Effect of variation in virus concentration 
on the albumin/virus ratio in the complex 


Composition of heated 


mixtures 
W———. Albumin/virus Albumin/virus 


= ey 
TMV BSV_ Albumin ratiosinthe _ ratios in the 
% %) (%) heated mixtures complexes 
0-04 = Nil 0-5 12-5 9-0 
0-08 Nil 0-5 6-25 4-6 
Nil 0-04 0-5 12-5 3-8* 
Nil 0-08 0-5 6-25 2-2 


* Value obtained by extrapolation in Fig. 3. 


The effect of simultaneous variation in the 
concentrations of both components 
in heated mixtures 


Fig. 5 shows the albumin/TMV ratios in the 
complexes formed in solutions containing both com- 
ponents at a constant ratio of 6:1 but at varying 


Albumin/virus ratios in complexes 
— 


0 OT 02 03 04 05 06 
Total protein concentration (%), 
in heated mixtures’ 


Fig. 5. The effect of total protein concentration in mixtures 
of albumin with TMV, at a constant ratio of the com- 
ponents (6:1), on the albumin/virus ratios in complexes 
formed during heating for 10 min. at 80°. 


concentrations, and heated for 10 min. at 80°. It 
will be seen that as the total protein concentration 
increased, so did the albumin/virus ratio in the 
complex. Within the range tested, when the protein 
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concentration increased geometrically, the ratio 
increased arithmetically. 

Table 2 shows a comparison of the albumin/virus 
ratios in complexes formed by albumin with TMV 
and BSV, when the mixtures were heated at a con- 
stant ratio of the components but at two different 
concentrations. The ratio in the complexes formed 


with BSV depends on the total protein concentration” 


as it does with TMV, although under the same con- 
ditions the ratios with BSV are smaller than those 
with TMV. Table 2 also shows that the ratios increase 
with increase in temperature. 


Table 2. Effect of total protein concentration on the 
ratio of the component proteins in the complexes 


Albumin/virus ratios 


Composition of heated mixtures in the complexes 


TMV BSV Albumin 10 min. 10 min. 
(%) (%) (%) at 80° at 83° 
0-04 Nil 0-25 1-7 3-7 
0-08 Nil 0-5 2-0 4-6 
Nil 0-04 0-25 —¥ 16 
Nil 0-08 0-5 aad 2-0 


Changes in the ratio of protein components in 
complexes, resulting from changes in protein con- 
centration, can account for an apparently paradoxical 
phenomenon occasionally observed when protein 
mixtures are heated at different dilutions. Dilution, 
with ionic strength and pH kept constant, is one 
method of preventing coagulation of heated protein 
solutions, as the formation of large aggregates of 
protein particles is prevented. Occasionally, how- 
ever, dilution before heating leads to coagulation 
during the heating. An example is shown in Table 3, 


Table 3. Effect of total protein concentration in 
mixtures of BSV with albumin on stability of heat- 
denatured virus 


Concentration 
of constituents 
in heated 
mixtures 
—— Albumin/virus 
BSV Albumin Appearance of the fluids ratio in the 
%) (% after heating complexes 
0-08 0-5 Opalescent but transparent 2-0 
and stable 
0:04 0-25 Small floccules settling 1-6 
slowly 
0-02 0-125 Large floccules settling 1-2 
rapidly 


where an undiluted solution containing 0-08 % BSV 
and 0-5 % albumin did not coagulate after heating, 
but did if diluted twice or four times before heating. 
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When the albumin/Vvirus ratio in the complex formed 
during heating was 2-0, the virus, at a concentration 
of 0-08 %, was protected from coagulation. When, 
because of diluting the mixture before heating, the 
ratio fell to 1-6 and 1-2, there was not enough 
albumin combined with the virus to prevent its 
coagulation, although the virus concentration fell to 
0-04 and 0-02 %, respectively. 
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DISCUSSION 


This work was limited to complexes formed during 
heat denaturation between pairs of proteins, one of 
which when heated alone becomes insoluble while 
the other remains soluble. The ratio of the amount 
of the former to that of the latter in heated mixtures 
was limited to values less than 1. Of the factors 


Table 4. Effect of concentration of heated albumin-BSV mixtures 
on serological properties of the complex 


(No coagulation appeared in any of the heated solutions. After cooling they were diluted (in saline) to bring the virus 
concentration to the values indicated. Precipitin test: 1 ml. of an antiserum to the virus at a dilution of 1/500 was added 
to 1 ml. of antigen solutions at various concentrations, and the mixtures placed in a water bath at 50°; + signs indicate 
the degree of precipitation; — signs indicate no precipitation where the test for inhibition was not made. Test for inhibition: 
0-1 ml. of 0-05 % solution of unheated virus was added to the tubes where there was no precipitation after 3 hr. incubation; 


i indicates inhibition (no precipitation); 0 indicates no inhibition (precipitation).) 


Concentration of 
constituents in heated 


mixtures 
Albumin/virus 
BSV Albumin ratios in the —_ 
%) %) complexes 10 

0-08 1-0 4-4* a 

0-04 0-5 3-7* 0 

0-02 0-25 3-0 ++ 

0-01 6-125 2-3 +++ 

0-005 0-0625 1-6* * 
Unheated virus (control) +++ 


Precipitin test 
Virus concentration (g./100 1.) 
La. ee 





~~ 

5 2-5 1-25 0-625 0-312 
a t t 0 0 
0 0 0 0 0 
+ 0 0 0 0 
+++ ++ = ~ - 
+++ ++ - bh - 
+++ ++ + S - 


* Values obtained by extrapolation from results of other experiments. 


The decrease in the albumin/BSV ratio in the 
complex, resulting from reduced protein concentra- 
tion, is also reflected in serological reactions of the 
complex with antibodies to the virus. The results of 
an experiment described in Table 4 show that when 
a solution containing 0-08 % BSV and 1% albumin 
was heated, a complex was formed which contained 
over four times as much albumin as virus. The 
complex did not precipitate with virus antiserum 
and it inhibited precipitation of subsequently added 
unheated virus. When the concentration of the 
virus-albumin mixture was reduced by half before 
heating, the complex with albumin/virus ratio 3-7 
gave no precipitate with the antiserum, and showed 
no inhibiting power. When the concentration of the 
virus-albumin mixture was still further reduced 
before heating, the ratio fell still further and, although 
there was still enough albumin in the complex to 
prevent coagulation, there was not enough to 
prevent precipitation with the antiserum to the 
virus. This agrees with previous work (Kleczkowski, 
19416) which has shown that formation of non- 
precipitating and inhibiting complexes between 
antibodies and other serum proteins in heated anti- 
sera can be prevented by increasing the dilution of 
the antisera in saline before heating. 


likely to affect the composition and properties of 
complexes only variations in the concentration and 
in the ratio of the components in heated mixtures 
were studied. 

The conclusions reached here can be expected to 
apply in general trends to similar protein systems, 
i.e. to pairs of proteins, one of which when treated 
alone becomes insoluble, whereas the other remains 
soluble, e.g. a serum globulin and a serum albumin. 
Numerical relationships true of one system are 
obviously inapplicable to another. For example, 
these differed in TMV-albumin and BSV-albumin 
systems, where complexes with different ratios of the 
components were formed under similar conditions. 
The general trends, however, were similar, for 
variations in the ratio and in the concentration of the 
components of the heated mixtures changed the 
ratios of the components in the complexes similarly 
in both systems. 

Anumber of other factors, not studied in this work, 
are likely to influence the composition and pro- 
perties of complexes formed between pairs of different 
proteins during heat denaturation. Among these are 
variations in the pH and in the character and con- 
centration of salts present in heated solutions; it is 
known that complexes are not formed to any 
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appreciable extent in salt-free solutions, and that 
there is an interaction between the pH and the 
character and concentration of salts (Kleezkowski, 
1943). 

If the conclusions about the extent of aggregation 
of the albumin heated alone, deduced from the 
curves of precipitability by ammonium sulphate 
with the help of Smoluchowski’s theory of aggrega- 
tion (see Fig. 1), are at least approximately true, 
heat-denatured albumin molecules combine with 
heat-denatured virus particles much faster than 
among themselves. For example, in the heated 
0-25 % albumin solution about 60, 30 and 20% of 
the albumin existed as aggregates of at least two, 
three and four molecules respectively, and almost 
none as aggregates of seven or more molecules. By 
contrast, when mixtures containing 0-25% of the 
albumin and 0-042 % of TMV or BSV were heated 
under the same conditions, about 60 and 25 % of the 
albumin formed a complex with TMV and BSV 
respectively. Particles of BSV are approximately 
spherical and equal in size, and there is no reason to 
suspect that they break into fragments during heat 
denaturation. Assuming that the weight of a particle 
of BSV, in terms of molecular weight, is 7 x 10°, and 
that of the albumin molecule is 7 x 104, then the 25 % 
of the albumin would be combined into a complex 
with BSV with an average of 160 albumin molecules 
to one virus particle. Similar reasoning cannot be 
applied to TMV, the particles of which vary in size 
very considerably and undergo much greater changes 
during heat denaturation than do BSV particles. It 
is probable, however, that an average number of 
albumin molecules/virus particle in the albumin- 
TMV complex was even higher, perhaps 10 times, 
than that in the albumin-BSV complex. (For 
example, the ratio of 2000:1 would be obtained, if 
the average weight of TMV particles in the pre- 
paration used were taken as 5 x 10’, and if it were 
further assumed that this was unaltered by heat 
denaturation.) 

Two reasons can be given for aggregation of 
albumin molecules proceeding much faster with virus 
particles than among themselves. First, the pro- 
portion of collisions resulting in permanent combina- 
tion may be higher in those between albumin 
molecules and virus particles than in those between 
albumin molecules themselves. Secondly, Wiegner 
(1911) and Galecki (1912) have shown that, in 
colloidal solutions containing particles of consider- 
ably different sizes, particles of greater sizes function 
as nuclei of aggregation for particles of smaller sizes. 
This is so because the probability of a collision 
between two particles, subjected to Brownian move- 
ment, is greater when they are of greatly different 
sizes than when they are of equal or not greatly 
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different sizes (see Miiller, 1928). The probability of 
a collision between two particles of the same size is 
independent of the size, and, when the sizes are not 
equal, it is increased by the factor 


fq (R, + R,)* 
_. ee 


where R, and R, are the radii (in any units) of the two 
particles, both assumed to be spherical. Thus, if heat- 
denatured albumin molecules and BSV particles are 
assumed to be approximately spherical and of the 
weights given above, the probability of a. collision 
between an albumin molecule and a virus particle 
would be 1-7 times greater than between two albumin 
molecules or two virus particles. The probability of 
a collision of an albumin molecule with an ‘average’ 
particle of heat-denatured TMV is probably greater 
than with a particle of BSV. 


SUMMARY 


1. The ratios of the constituent proteins in com- 
plexes formed by human-serum albumin with 
tobacco mosaic virus and with tomato bushy stunt 
virus during heat denaturation in solutions con- 
taining M/15 phosphate buffer pH 6-8, were studied. 

2. When heated alone both viruses coagulate, 
whereas the albumin does not, although it aggregates 
increasingly with increasing concentration. When 
the albumin/virus ratio in the complex is 1-8 or 
higher, the complex forms a stable solution. All the 
virus and only part of the albumin participate in the 
formation of such a complex. 

3. Heat-denatured tobacco mosaic virus, com- 
bined with albumin, contains no nucleic acid and has 
no serological activity, whereas the complex of bushy 
stunt virus retains both. When the albumin/bushy 
stunt virus ratio in the complex is over 3, the complex 
is not precipitable by virus antibodies although it 
combines with them. 

4. At a constant virus concentration the albu- 
min/virus ratios in the complex increase with 
increasing concentration of albumin; the ratios 
decrease with increasing virus concentration when 
the albumin concentration is kept constant; the 
ratios increase with increasing total protein con- 
centration when the proportion of the constituents 
remains constant, and with increasing temperature 
when all other conditions are constant. 

5. Under similar conditions about 2-4 times as 
much albumin combines into a complex with heat- 
denatured tobacco mosaic virus as with bushy stunt 
virus. 

6. Heat-denatured albumin molecules aggregate 
more rapidly with particles of heat-denatured viruses 
than with one another. 
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Nitrogenous Excretion in Chelonian Reptiles 


By VIVIEN MOYLE, Biochemical Laboratory, Cambridge and University College, London 


(Received 1 December 1948) 


It seems to be well established that, during the 
course of evolution, the migration of animals from 
aquatic to terrestrial environments has been at least 
partially dependent upon their ability to detoxicate 
the ammonia arising from the «-amino nitrogen of 
the food proteins (Baldwin, 1948). Among verte- 
brates, detoxication is usually accomplished by the 
formation of either urea or uric acid. Ureotelism 
occurs in the Amphibia and Mammalia, and 
uricotelism in the Sauropsida (snakes, lizards and 
birds). 

The nitrogenous excretion of the Chelonian 
reptiles (tortoises and turtles) has not hitherto been 
systematically studied, and such dataas are available 
are often contradictory. Magnus & Miiller (1835) 
found evidence for the presence of urea in the urine 
of Testudo nigrita (nigra), while Schiff (1825) and 
Marchand (1845) similarly demonstrated the presence 
of urea in the urine of 7’. denticulata (tabulata). Both 
of these species are land dwellers. Several workers 
have studied 7’. graeca, another terrestrial form, 
Clementi (1929) stating that 90% of the excreted 
nitrogen is in the form of urea, an observation which 
is substantially supported by the results of Drilhon 
& Marcoux (1942). Miinzel (1938), on the other hand, 
found that uric acid and urea were both produced in 
this species, the former predominating.. He also 
analyzed the urine of the semi-aquatic species, Hmys 
orbicularis (europaea) and found that the main 
execretory product was urea, uric acid accounting 
for only a small proportion of the nitrogen excreted. 
In both the species studied Miinzel (1938) was able 
to demonstrate the synthesis of urea by liver slices, 
and, in T'estudo graeca, of uric acid also. Chrysemys 
picta, which is also semi-aquatic, was studied by 
Wiley & Lewis (1927) who found that the main 


excretory product was urea, although ammonia and 
uric acid were also present in considerable quantities. 
Both Lewis (1918) and Khalil (1947) have worked on 
the sea turtle, Chelonia mydas, but obtained con- 
tradictory results. Lewis (1918) found that this 
species is essentially ureotelic, whereas Khalil (1947) 
states that ammonia is the main execretory product. 
Needham (1931), basing his argument on the work of 
Clementi (1929), Lewis (1918), and Wiley & Lewis 
(1927), concluded that Chelonia are essentially 
ureotelic. He believes that, because they are laid in 
a damp environment, the eggs can absorb water from 
the surrounding mud or sand and are therefore 
presumably permeable to urea also. In many species, 
however, the eggs are laid in very dry surroundings 
where a permeable egg would hardly be able to 
conserve or acquire enough water for development. 

It therefore seemed worth while to investigate the 
nitrogenous excretory products of Chelonia from 
a variety of habitats in an attempt to clarify this 
somewhat obscure position. Species from a variety 
of aquatic, amphibious and terrestrial habitats were 
therefore studied to discover whether there might 
be some correlation between nitrogen metabolism 
and environmental conditions. 


EXPERIMENTAL 


Material. Dr E. Hindle, F.R.S., was kind enough to put 
at our disposal the large collection of Chelonia belonging to 
the Zoological Society of London. 

For the collection of urine the smaller specimens were kept 
and fed in rat metabolism cages of the usual type for 1 or 
2 days. The wire floor separated the urine from the faeces, 
and fragments of food were removed by filtration through 
a loose plug of glass wool. The urine was collected in bottles 
containing a small amount of 0-2 N-H,SO,. The analysis 
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of urine collected in this way was usually begun within 24 hr. 
of excretion, but when longer waiting was necessary a few 
drops of toluene were also added, and the whole kept in the 
refrigerator. 

Larger specimens were kept in their usual surroundings, as 
it was found that the excitement caused by being handled 
was usually sufficient to induce urination. Analysis of this 
urine was begun within a few hr. of its excretion and toluene 
added, if it had be be kept overnight. 

The urine in all species was clear except in Testudo graeca 
which produced a cloudy urine, possibly because of the large 
amount of uric acid present. 

Methods. Total N was estimated by the Kjeldahl method; 
digestion was continued for 16 hr. with the catalyst. of 
Chibnall, Rees & Williams (1943), and the NH, formed 
determined by distillation in the apparatus of Markham 
(1942). Free NH, was also estimated by this method, the 
distillate in both cases being collected in a 2% (w/v) boric 
acid solution containing indicator as described by Sobel, 
Hirschman & Besman (1945). Urea was determined by 
incubation with urease (prepared from jack-bean meal by 
extraction with 0-3% (w/v) KH,PO,, followed by dis- 
tillation of the NH, produced. Uric acid was estimated 
colorimetrically ; 2 ml. each of the urea and cyanide solutions 
as used by Brown (1945) were added to the sample followed 
by 1 ml. of the arsenophosphotungstic reagent of Benedict 
& Franke (1922) and the whole diluted to 50 ml. Readings 
were made after 50 min. 

Amino-acids were collectively determined by a slight 
modification of the method of Sobelvet al. (1945); the NH, 
formed was distilled by Markham’s (1942) method instead 
of being removed by aeration. Creatinine was estimated by 
the Folin picrate method, using the sodium picrate solution 
recommended by Borsook (1935) and hippuric acid by the 
colorimetric method of Denigés (1939). Before estimating 
either allantoin or guanine+xanthine it is necessary to 
uric remove acid, which gives a colour in both the colori- 
metric methods used. This was achieved by heating in a 
boiling water bath for 10 min. with 0-2N-nitric acid as 
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recommended by Hitchings (1941). Allantoin was then 
estimated by the colorimetric method of Young & Conway 
(1942), while guanine + xanthine were precipitated as silver 
salts by the method of Gulland, Jordan & Threlfall (1947), 
and estimated colorimetrically with the phenol reagent of 
Folin (1927) as used by Hitchings (1941). 


RESULTS 


Eight species of Chelonia from a variety of habitats 
were examined. The averages of the results for each 
species are tabulated in Table 1. 

Kinosternon subrubrum, an omnivorous scavenger, 
and Pelusios derbianus, a carnivore, although 
belonging to different families, resemble each other 
in being almost wholly aquatic. Both species feed in 
water, and, indeed, it is said that Kinosternon 
subrubrum can be kept for years in a deep tank with 
no possible means of leaving the water and still 
remain in good condition (Ditmars, 1922). In both 
these species ammonia and urea are excreted in 
approximately equal quantities, each accounting for 
20-25 % of the total nitrogen excreted while the uric 
acid level is low at less than 5%. 

Emys orbicularis is a semi-aquatic species and 
differs from Kinosternon subrubrum and Pelusios 
derbianus in that it feeds on land, although it never 
leaves the marshy ground near the streams in which 
it spends much of its life. This species excretes only 
15% of its waste nitrogen as ammonia; here urea is 
the predominant end product and accounts for 50% 
of the nitrogen execreted. Uric acid production 
again accounts for less than 5 % of the total nitrogen. 

Kinixys erosa and K. youngii are terrestrial 
species. K. erosa is restricted to damp habitats and 
frequently enters the water, but K. youngii is found 


Table 1. Nitrogen partition in excreta of Chelonian reptiles 


(Where more than one determination was carried out the non-bracketed figures are mean values, whilst the figures in brack? 
show extreme values obtained.) 





Nitrogen as percentage of total nitrogen Percentag 
No. of r A + total N 
determi- Total N Uric Amino- Guanine + Creati- accountel 
Species nations (mg./sample) Ammonia Urea acid acids Allantoin xanthine nine for 
Kinosternon 1 7-0 24-0 22-9 0-7 10-0 1-1 1-0 Trace 59-7 
subrubrum . 
Pelusios 1 9-5 18-5 24-4 4:5 20-6 1-0 3-8 Trace 728 
derbianus 
Emys 3 12-9 14-4 47-1 25 19-7 0-6 1-0 Trace 85-2 
orbicularis (10-6-18-8) (26-4-69-0) (1-44-0) = (15-8-21-9)  (0-3-0-9) (0-5-1-2) 
Kinizxys 2 16-0 6-1 61-0 4-2 13-7 0-4 0-4 Trace 84:8 
erosa (5-7-6-5)  (50-0-72-0) (33-50) (127-147) 
K. youngit 5 13-3 6-0 44-0 5-5 15-2 0-8 2-1 Trace 736 
(2-9-12-5) (30-3-72-7) (3-4-8-7) | (7-7-22-0) (0-3-1-3) (0-3-3-8) 
Testudo 3 13-9 6-0 29-1 6-7 15-6 wd 2-8 Trace 67-9 
denticulata (3-9-8-7) (26-8-31-2)  (4:9-7-7)  (9-4-22-2)  (6-7-8-6)  (1-7-5-0) 
T . graeca 2 13-6 4-1 22-3 51-9 6-6 1-7 9-4 Trace 96-0 
(40-41)  (15-3-29-3) (48-°7-55-0)  (4°5-8-6)  (1-4-1-9)  (8-7-10-1) 
T. elegans 2 21-1 6-2 8-5 56-1 13-1 | 3-0 Trace 88-0 
(59-65) (78-91) (54-3-57-8) (10-6-15-5) (1-0-1-2) (0-9-5-1) 
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under much drier conditions. The nitrogenous 
excretion of the two species is, nevertheless, very 
similar. Both excrete 40-60 % of the total nitrogen 
as urea; ammonia is responsible for only 6% of the 
excreted nitrogen and the uric acid level remains 
at 5%. 

Three species of the wholly terrestrial family 
Testudinidae were studied and here an interesting 
division was discovered. Testudo denticulata, which 
inhabits damp swampy ground in Brazil, excretes 
some 30 % of its total nitrogen as urea and only 7% 
as uric acid, but 7’. graeca and T. elegans, both of 
which live under almost desert conditions, excrete 
uric acid as their main nitrogenous end product. 
Although these species excrete 50-60 % of their total 


* nitrogen as uric acid, they still produce considerable 


quantities of urea (10-20%) in contrast to other 
uricotelic forms where urea synthesis is completely 
suppressed, 

Apart from ammonia, urea and uric acid, amino- 
acids accounted for 10-20 % of the total nitrogen in 
all species. Allantoin forms 1-2% of the total 
(except in 7’. denticulata where it accounts for 8%); 
guanine + xanthine was consistently low at less than 
4% (except in 7’. graeca where it accounted for 9% 
of the total); and creatinine was found in traces 
only. Hippuric acid, which is 10-25% in Khalil’s 
(1947) analysis of the urine of Chelonia mydas, was 
not detectable in any of the species studied. 

In all, 60-95 % of the total nitrogen excreted has 
been accounted for in each species. 


DISCUSSION 


The Chelonian reptiles seem to be biochemically 
separable into three groups. The first group contains 
the aquatic and semi-aquatic species, and these 
excrete both ammonia and urea in approximately 
equal quantity. In the second group, consisting of 
those terrestrial species which are restricted to damp, 
marshy ground, there is little excretion of ammonia 
but some 50-60 % of the total nitrogen is excreted 
as urea. The third group includes the terrestrial 
species which live in very dry habitats and which 
excrete some 60% of their waste nitrogen in the 
form of uric acid. Although this group is essentially 
uricotelic, the ureotelic habit of Chelonia in general 
has not been completely suppressed, for about 
10-20 % of the total nitrogen is still excreted as urea. 
The family Testudinidae seems to be the most 
interesting from this point of view, some of its 
species being typically ureotelic while others excrete 
urea and uric acid together, the latter predominating. 

According to Needham (1931), the change from 
ureotelism to uricotelism is determined by the con- 
ditions under which embryonic development takes 
place, uricotelism being associated with development 
within a ‘cleidoic’ egg. The eggs of the ureotelic 
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species Thalassochelys corticata (Karashima, 1929), 
Emys orbicularis (europaea; see Hochstetter, 1906), 
and Caretta (Hildebrand & Hatzel 1927), all require 
a damp environment for successful development. 
Karashima’s (1929) data show that the eggs of 
Thalassochelys corticata absorb water to the extent 
of 42% of their original water content from the 
environment during development; and Nakamura 
(1929), also working on this species, showed that the 
total nitrogen of the egg decreased by 17 % before 
hatching. These eggs are therefore permeable to 
water and probably to urea also, so that the urea 
formed by the embryo can diffuse out into the 
environment. In addition, certain other ureotelic 
species such as Chrysemys picta picta (Cunningham, 
1923), C. picta bellii (Stromsen, 1923), Emys orbicu- 
laris (Rollinat, 1932), and several others moisten the 
ground with fluid from the bladder or some closely 
associated gland before laying their eggs. The reason 
for this may be to produce an artificially damp 
environment for the eggs, but it has been suggested 
(Stromsen, 1923), that it may be only a method of 
softening the ground to facilitate the digging of the 
nest. 

Young’s (unpublished) work on the egg of T'estudo 
graeca, however, shows conclusively that in this 
species the shell is even more impermeable than that 
of the domestic fowl. The eggs, which develop under 
very dry conditions, are presumably supplied with 
sufficient water to last through their embryonic life. 
Being impermeable to water, they are almost 
certainly impermeable to urea also. The urea pro- 
duced by a ureotelic embryo would therefore 
accumulate within the egg, and perhaps might reach 
a toxic level. It is in those species like 7’. graeca, which 
live and lay their eggs in almost desert habitats, that 
uricotelism has largely replaced ureotelism. It seems 
probable, therefore, that this is an adaptation to 
embryonic life within a ‘cleidoic’ egg, but further 
data on the permeability and conditions of hatching 
of the eggs of other species are required to confirm 
this view. If, as appears probable, it is found that the 
development of uricotelism takes place side by side 
with the development of a ‘cleidoic’ egg within this 
group, this would be further evidence in support of 
Needham’s (1931) belief that the two factors are 
interdependent. 

This biochemical evidence supports the usual 
theory of Chelonian evolution based on morpho- 
logical and palaeontological grounds. The tortoises 
and turtles are believed to have evolved from an 
early amphibious stock which must presumably have 
been ureotelic. Some of these early forms returned 
to an aquatic environment where they again began 
to excrete some ammonia, while retaining partially 
their ureotelic nature, thus giving evidence of their 
amphibious ancestry. Others remained in damp 
terrestrial habitats and are still typically ureotelic. 
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A third group migrated to drier terrestrial habitats, 
and here, apparently because of the conditions of 
embryonic development, they became largely uri- 
cotelic. In the Sauropsida, which are all uricotelic, 
very little urea indeed is produced, and this is not of 
synthetic origin, being produced from exogenous 
urea found in the food and from the amidine group 
of arginine (Clementi, 1932). The fact that these 
Chelonian species, while being mainly uricotelic, still 
excrete some 10-20 % of their total nitrogen as urea, 
suggests that the stable uricotelic state found in the 
Sauropsida has not yet been achieved. It may be 
that their biochemical evolution towards uricotelism 
is still in progress. 


SUMMARY 


1. The nitrogenous excretion of eight species of 
Chelonian reptiles was studied. 

2. The analyses showed that urea accounted for 
10-20 %, or more, of the total nitrogen excreted by 
all the species examined. 
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3. While the amphibious species were found to be 
typically ureotelic, the aquatic forms excreted 
approximately equal quantities of ammonia and 
urea, and the xerophilous, terrestrial species, 
excreted uric acid as their main nitrogenous end 
product. 

4. The significance of these observations is dis- 
cussed in relation to the environmental conditions 
which prevail in adult and embryonic life. 
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The Concentration and Distribution of Haemoglobin 
in the Root Nodules of Leguminous Plants 
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All legume nodules which are actively fixing nitrogen 
contain a red pigment. This pigment escaped 
attention until Pietz (1938) suggested that it was 
identical with dihydroxyphenylalanine (Dopa), the 
red intermediate in the enzymic oxidation of 
tyrosine. Kubo (1939), however, prepared a crude 
extract of the pigment and from its spectroscopic 
behaviour identified it as a haemoprotein possessing 
properties very similar to those of haemoglobin. 
Burris & Haas (1944) stated that the pigment was 
not a haemoglobin but a haemoprotein oxidation- 
reduction catalyst. However, Keilin & Wang (1945), 
working on an extract about 50 % pure, were able to 
confirm the haemoglobin-like nature of the pigment 
by showing that it was capable of completely 
reversible oxygenation and deoxygenation; they 
determined the absorption spectra of the oxygenated 
and reduced haemoglobin and those of some of its 
derivatives. Keilin & Wang suggested that the 


Table 1. The positions of the maxima of the absorption 
bands of nodule haemoglobin and some derivatives 
(Values given by Keilin & Wang, 1945) 


Maxima (in my.) 


ao B 
Hb 557 
HbO, 574 540 
HbCO 564 538 


failure of Burris & Haas to recognize the pigment as 
a haemoglobin was due to the fact that in their 
preparations the pigment had become largely 
oxidized to methaemoglobin. Table 1 shows the 
positions of the maxima of the absorption bands of 
reduced, oxidized and carboxy-haemoglobin (Hb, 
HbO, and HbCO). Working at 15°, Keilin & Wang 
found the pO, giving 50% dissociation of HbO, to 
be less than 0-1 mm. Hg, and the relative affinity 


for CO and O, («=F og ruil to be 37. 
[HbO,] [pCO] 

A remarkable fact about nodule haemoglobin is 
that neither the root-nodule bacteria nor the host 
plant is able to produce it when grown separately. 
It is only found in the nodule which is produced 
after infection of the host legume with an appropriate 
strain of Rhizobium. A similar relationship holds in 


the case of the property of nitrogen fixation. Neither 
the host plant nor the root-nodule bacteria 
cultivated alone will fix nitrogen. Those micro- 
organisms which fix nitrogen when free living (Nostoc, 
Azotobacter and Clostridium pasteurianum) do not 
possess haemoglobin. In a preliminary examination 
of the root nodules of alder, which are also believed 
to fix nitrogen, the author was unable to detect the 
pigment. There is, however, indirect evidence that 
the haemoglobin in the nodule is concerned in the 
process of symbiotic nitrogen fixation. This may be 
summarized as follows: (1) Haemoglobin is present 
in nodules of all the leguminous plants which 
actively fix nitrogen. (2) Haemoglobin is absent 
from nodules produced by certain ineffective strains 
of Rhizobium and which fix very little nitrogen. 
(3) Symbiotic nitrogen fixation is inhibited by a con- 
centration of carbon monoxide much lower than that 
which is required to inhibit fixation by Nostoc or 
Azotobacter. 

From these facts alone there can be little doubt 
that haemoglobin plays a role in nodular nitrogen 
fixation and in this paper further evidence based on 
the distribution of the pigment in the nodule will be 
presented. The mechanism into which haemoglobin 
enters is as yet unknown. Virtanen and his co-workers 
(Virtanen & Laine, 1946) claimed that, in addition 
to haemoglobin, methaemoglobin was present in 
nodules, and put forward a theory of nitrogen 
fixation in which haemoglobin functioned as an 
oxidation-reduction catalyst. However, on repeating 
Virtanen’s experiments, Keilin & Smith (1947) were 
unable to find any evidence for the presence of 
methaemoglobin in nodules and from this and other 
considerations rejected Virtanen’s theory. The 
suggestion that haemoglobin may, by virtue of its 
oxygen-carrying property, take part in the oxygen 
uptake of nodules will be discussed in the following 
paper. In the present paper the distribution and 
concentration of the pigment in various types of 
nodule will be described. 


METHODS 


Cultivation of the root nodule bacteria. The Rhizobium strains 
were grown at 28 or 30° in pure culture on an agar medium 
(K,HPO,, 0-5 g.; MgSO,.7H,0, 0-2 g.; NaCl, 0-2 g.; CaCl,, 
0-2 g.; FeCl,, 0-001 g.; Difco yeast, 5 g.; agar, 15 g.; distilled 
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water tol 1.). By using this medium. in which a yeast extract 
preparation is the sole source of carbon and nitrogen, one 
avoids the copious gum production always encountered with 
media containing mannitol. Nodules on soya beans were 
produced by the effective Rhizobium strain 505 and the 
ineffective strain 507. These two strains are identical with 
those used by the Wisconsin group of workers (Wilson, 1940). 
In some experiments the strain 2193 (National Collection of 
Type Cultures), which infects peas, was used. 

Growth of the plants. Legumes were grown in pots con- 
taining sterilized soil to which had been added a suspension 
of cells of the appropriate strain of Rhizobium. Sufficient 
precaution against contaminant infections was obtained by 
placing plants in separate parts of the glasshouse (see p.589). 

Cytological methods. Nodules were fixed in Bouin’s fixative 
or in formalin-acetic-alcohol. These were sectioned, and 
stained either with iron haematoxylin and orange G as 
counterstain, or with carbol fuchsin. The sections stained 
with iron haematoxylin were more satisfactory. 


The estimation of haemoglobin in nodules 


Direct observation of haemoglobin. Haemoglobin may easily 
be demonstrated in legume nodules using the microspectro- 
scope. Whole nodules are too opaque for this observation, 
but on slicing or crushing the nodule the twin absorption 
bands of oxyhaemoglobin with maxima at 574 and 540 mu. 
are seen. On standing these are slowly replaced by the single 
band of deoxygenated haemoglobin at 557 my. This is due 
to respiratory activity of the nodule tissue. 

General method of estimation. For this purpose use was 
made of the microspectroscope and wedge trough as de- 
scribed by Keilin (1933) and by Keilin & Wang (1946). In 
this instrument the spectra produced by light from two 
different sources are compared. Light from one source passes 
through a double-wedge trough, one half of which contains 
a standard solution, the other water. The optical depth of 
the standard solution through which light is passing is varied 
by movement of the wedge trough and is proportional to the 
distance through which this is moved. Light from the other 
source passes through a cylindrical vessel containing the 
solution of unknown density. In matching, two adjustments 
are made simultaneously: the intensities of the absorption 
bands in the two spectra are matched by movement of the 
wedge trough, and the intensities of the spectral backgrounds 
adjacent to the bands are matched by varying the strengths 
of the two light sources. If the matching is carried out in 
this manner it can be shown that opaqueness of the unknown 
solution does not affect the result, and measurements may 
in fact be made of concentrations of pigments in slices of 
tissue. In this way the haemoglobin was estimated as 
pyridine haemochromogen, both in aqueous extracts and 
directly in nodule slices. 

Determination of nodule haemoglobin in aqueous extracts. 
Nodules freshly removed from the plant were washed, and 
the surface moisture was removed by filter paper; the 
nodules were then weighed and the total volume of the nodule 
sample measured by placing in water and measuring the 
volume of water displaced. The nodules were then ground in 
water and the extract centrifuged. to remove cellular debris, 
which was again extracted with water. The second extract 
was found to contain less than 2% of the total haemoglobin 
and was consequently discarded. The first extract was made 
up to a volume of 5 ml. and a measured volume (v) of the 
solution placed in a cylindrical upright tube of cross- 
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sectional area (a) on the stage of the microspectroscope. The 
haemoglobin was then converted to pyridine haemochro- 
mogen by the addition of a little NaOH (to denature the 
proteins), pyridine and Na,S,0,. The comparison was made 
against a standard pyridine haemochromogen solution (of 
concentration C) contained in the wedge trough. The con- 
centration of the unknown solution (c) is given by the 
relation c=H.C/h, where H is the optical depth of the 
standard solution (this is obtained from the distance through — 
which the wedge trough has been moved and from constants 
dependent on its dimensions), and h is the optical depth of 
the unknown solution (=v/a). 

It will be shown that the haemoglobin is limited to the 
bacteria-containing cells in the central part of the nodule, so, 
in order to calculate the approximate concentration of 
haemoglobin in these cells, correction must be made for the 
volume of the outer cortical parenchyma of the nodule which 
contains no haemoglobin. This volume was estimated from 
measurements of the relative areas of internal nodular tissue 
and cortical parenchyma in thin slices of nodules, assuming 
these to be spherical. These measurements were made using 
a microscope with a micrometer eyepiece. 

Spectroscopic examination of the aqueous extract and the 
cellular debris showed that practically all the haemoglobin 
passed into the first extract. Only haemoglobin could be 
identified in this extract. The solid cellular debris showed 
only the absorption bands of components of the cytochrome 
system. 

As the central nodular tissue consists both of cells con- 
taining bacteria and haemoglobin, and small interstitial cells 
devoid of both, the value obtained for the concentration of 
haemoglobin in the former cells is slightly less than the true 
value. This error, however, should not be greater than about 
10%. 

Determination of haemoglobin directly in nodule slices. In 
this method all the haematin in a small slice of nodule was 
converted into pyridine haemochromogen and this deter- 
mined directly by comparison with a standard haemochro- ° 
mogen solution. For this purpose each nodule was cut into 
slices 1-2 mm. thick. A slice was placed on a glass slide in 
a few drops of pyridine and reducer (Na,S,0,). A piece of 
plane glass was placed on top of the slices and supported at 
the corners by small pieces of plasticine. The whole was then 
compressed slightly so that all surfaces of the slices were in 
contact with the glass, and the two pieces of glass were 
adjusted to make their surfaces accurately parallel. This 
system was then placed on the stage of the microspectro- 
scope, to which a low power objective had been added, so that 
the central part of the nodule was under the objective. The 
slices were left in contact with pyridine and reducer until the 
maximum amount of haemochromogen had developed 
(usually after 20 min.). The mean of several readings over 
different parts of the nodule slice was taken. Then, as before, 
c=H.C/h, where h is the thickness of the nodule slice. This 
was obtained by measuring with a micrometer the distance 
apart of the two pieces of glass with and without the slice 
in position. 

Accuracy in this method requires: (1) careful measurement 
of the thickness of the nodule slice, (2) evenness in the 
thickness of the slice, (3) that the light passing through the 
slice should be parallel. 

The concentration measured in this way gives an upper 
limit to the amount of haemoglobin in the nodule, as hae- 
matin from the cytochromes and other haemoproteins is 
included in the estimation. 
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It might be thought that, since the haemoglobin is not 
distributed uniformly throughout the tissue, but is present 
in a number of small spherical cells, a false estimate of con- 
centration would be obtained. However, it was found that 
the concentration of haemoglobin, when measured in a 
suspension of horse red blood cells under conditions when 
these were ellipsoidal in shape, was identical with that found 
after lysing the cells. The behaviour of this model suggests 
that the localization of the haemoglobin does not affect the 
estimation described above. 


RESULTS 
Localization of haemoglobin within the nodule 


After the invasion of the root by the bacterial 
infection thread a meristem is set up in the root 
cortex. This meristem produces two kinds of cells; 
cells which later enlarge and are packed with bacteria, 
and smaller interstitial parenchymatous cells devoid 
of bacteria. The mature nodule then consists of an 
outer bacteria-free cortex and an inner tissue made 
up of the large bacteria-containing cells together with 
the interstitial cells (Fig. 1). In certain types of 
nodule these bacteria-containing cells undergo arapid 
disorganization which is easily seen on cytological 
examination. Thornton (1939) has shown from 
measurements on such nodules that the rate of 
nitrogen fixation is proportional to the volume of 
bacteria-containing cells which have not undergone 
disorganization. It is reasonable to suppose that, 
since the nitrogen gas is actually taken up by the 
nodule, in these cells lies the seat of nitrogen fixation. 
Itis interesting therefore to know whether the haemo- 
globin is present in these cells. 

In order to answer this question soya nodules 
(Rhizobium, strain 505) were examined. From 
observation of the distribution of the red colour in 
cut nodules, and by careful examination of thin 
slices of nodules under the microspectroscope, it was 
apparent that there was no haemoglobin in the cortex. 
Use was then made of the peroxidase action of 
haemoglobin to determine its localization within the 
nodular tissue proper. If an ethanolic solution of 
benzidine together with hydrogen peroxide is added 
to an acid haemoglobin solution, the benzidine is 
oxidized to a substance with a quinonoid structure 
which polymerizes giving a deep blue compound. 
While some very strong oxidizing agents bring about 
a similar reaction, no such substances are found in 
living cells, and the formation of a blue colour under 
these conditions indicates the presence of haemo- 
globin. Under acid conditions peroxidase itself will 
not bring about this reaction and its presence in plant 
cells will not interfere with the detection of haemo- 
globin by this method. This reaction was tested on 
thin sections of soya nodules cut with a hand razor. 
In these sections the cytoplasm and often the nuclei 
of the large bacteria-containing cells were stained 
blue, while all other cells were unstained (Fig. 2). 
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Haemoglobin within the nodule is thus confined 
to those cells which contain bacteria and which are 
probably specifically concerned with nitrogen 
fixation. 

If nodules are ground up in water, and the bacteria 
and insoluble debris centrifuged down, spectroscopic 
examination shows all the haemoglobin to be in 
solution. The pigment is not present in the bacteria, 
but diffused throughout the vacuole and cytoplasm. 


The appearance of haemoglobin in young nodules 


In the early development of the nodule there is 
a period when the meristem has begun to cut off the 
cells which will make up the bacteria-containing 
tissue, but during which the differentiation of these 
cells is still incomplete. At this time the future 
bacteria-containing cells are small, round and little 
distinguished from the interstitial cells. Observa- 
tions were made to find out at what stage in nodular 
development detectable quantities of haemoglobin 
appear. 

Soya nodules (Rhizobium, strain 505) were sampled 
4 weeks after plant inoculation. Nodules of various 
sizes were sliced, and the slices examined for haemo- 
globin by direct observation of the presence or 
absence of a red colour (the nodules were too small 
to be examined under the microspectroscope). They 
were divided into two groups, those which were red 
on slicing and those which were white. Nodules from 
each group were fixed, sectioned and stained with 
iron haematoxylin. . 

All those nodules which possessed a detectable 
amount of haemoglobin also showed a well-developed 
bacteria-containing tissue, the large cells of which 
contained many bacteria and were easily distin- 
guished from the interstitial cells. In nodules in 
which no haemoglobin could be observed, differentia- 
tion of the bacteria-containing region had not yet 
begun or was just commencing. The cells in such 
nodules contained few bacteria (Figs. 3 and 4). 

Using this crude method of detecting haemoglobin 
it was possible to show that the time of appearance 
of a large amount of haemoglobin in the nodule more 
or less coincides with the differentiation of the 
bacteria-containing region and never precedes it. 


The amount of haemoglobin in effective nodules 


When it had been shown that the haemoglobin is 
restricted to the bacteria-containing cells, the con- 
centration of haemoglobin within these cells was 
measured. 


Haemoglobin in nodules of bean 
(Phaseolus vulgaris dwarf variety) and soya 


Using the microspectroscope and wedge trough 
the amounts of haemoglobin in effective nodules 
from two species of legumes were measured. The 
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bean plants were harvested in April 1947 when 
flowering and bearing fairly large nodules. The soya 
plants (inoculated with Rhizobium, strain 505) were 
harvested in June 1947, just before flowering, and 
the nodules were placed according to size into two 
groups. Table 2 gives the data and the results of 
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Haemoglobin and haematin compounds in 
ineffective nodules 


Different strains of Rhizobium may produce 
nodules on the same host plant species with greatly 
varying nitrogen-fixing activity ; some strains giving 


Table 2. Haemoglobin content of nodules as determined in aqueous extracts 





Mean 

fresh Volume Mean value Concentration Hb 5 . 

Fresh wt.of of Haematin _ of the ratio: in bacteria- H47,000 Mean 
wt.of single nodule in Volume of bacteria- containing cells Fresh wt. Hbyz,000 
sample nodule sample extract containing cells (as haematin) nodule nodule 

Plant (g.) (mg.)  (ml.) (mg.) Total volume (10-4m) (mg./g.) (mg.) 
Bean 1-7 16-8 1-7 0-072 0-59 1-09 1-09 0-0183 
Soya (medium- 0-866 8-7 0-85 0-088 0-38} 4-2 2-68 0-0233 

sized nodules) 

Soya (small 0-404 4-9 0-40 0-050 0-387 5-0 3-25 0-0157 


nodules) 


* The amount of haemoglobin is calculated as haemoglobin units of molecular weight 17,000. 


+ Independent of nodule size. Standard error in each case is +9-7% of mean value. 


Table 3. Haemoglobin (including haematin from 
cytochromes) as determined in bean nodule slices 


Concentration of Hb as 
Nodule haematin in bacteria-containing 
no. cells ( x 10-*m) 


) 
bo aT 1 Or 
Dab 


2-17 
2-59 


Mean 2-34 (s.£.+15%) 


~~ 


OD Crm Whe 
mm OS ee b 


measurements carried out in aqueous extracts, and 
Table 3 records measurements made on individual 
nodule slices from a single sample of bean nodules. 
While the concentration of haemoglobin in 
different nodules is subject to considerable variation 
the values are all of the same order of magnitude. 
Those obtained from measurements of total hae- 
matin in nodule slices give an upper limit to the 
amount of haemoglobin in the nodule, and are con- 
sequently greater than values from measurements 
in aqueous extracts. The bean nodules were grown 
in April 1947, those of soya in June 1947. Because 
of this difference in time of measurement, it is not 
certain whether the greater amount of haemoglobin 
in thesoya nodules should be attributed to differences 
in cultural conditions or to a difference between the 
two genera. Within the range examined there 
appears to be little variation in haemoglobin content 
of nodules of different sizes. It is probable that the 
haemoglobin content of the bacteria-containing cells 
remains constant after their differentiation until the 
onset of their disintegration, but when the latter 
occurs the haemoglobin eventually disappears and 
may be replaced by a green pigment (Virtanen, 
Laine & Linkola, 1945; Virtanen & Laine, 1946). 


rise to nodules which fix practically no nitrogen. 
Such strains are called ineffective strains and the 
nodules they produce will be referred to as ineffective 
nodules. Ineffective nodules are usually smaller than 
effective nodules and are distributed more evenly 
over the entire root system. Examined cytologically 
the central tissue is seen to be quite different from 
that of normal nodules; while both cortex and inter- 
stitial parenchymatous cells are entire, the large 
bacteria-containing cells appear in a state of break- 
down. Usually the nuclei have disappeared, and the 
cytoplasm is rounded off into large masses containing 
many bacteria, mainly small cocci. The ratio of ’ 
uninfected cells to infected cells in the central tissue 
of such nodules is characteristically greater (Fig. 5). 
Thornton (1939) finds that in the early stages of 
development of the most ineffective nodules there is 
some organized bacteria-containing tissue, but that 
the difference between these and effective nodules 
lies in the stability of this central tissue. Once dis- 
integrated it ceases to fix nitrogen. This is borne out 
by Thornton’s experiments, in which, by cytological 
studies and Kjeldahl analyses on nodules and plants 
grown under sterile conditions (ensuring purity of 
the infecting Rhizobium strain), he showed that the 
amount of nitrogen fixed by nodules of varying 
effectiveness is proportional to the amount of 
organized central tissue and its duration. Thenodules 
produced by strains of Rhizobium isolated by 
Virtanen (1947), which he claims fix no nitrogen, are 
probably distinguished by the extreme rapidity with 
which the cells of the central nodular tissue undergo 
disintegration. Virtanen’s suggestion that the low 
nitrogen-fixing power of ineffective nodules is due to 
the absence of the irregularly shaped bacterial forms, 
usually referred to in the literature as bacteroids, 
has been criticized by Thornton who points out that 
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bacteroids may be observed in young ineffective pea 
and clover nodules, and furthermore that bacteroids 
are absent in all nodules formed on soya plants, 
whether effective or ineffective. There is no good 
reason to connect bacteroids with the process of 
nitrogen fixation. However, the low rate of nitrogen 
fixation by ineffective nodules is always associated 
with the breakdown of the nodular tissue. 

Virtanen (1945) has shown that haemoglobin 
cannot be detected in ineffective nodules. Instead 
@ green pigment is often found which, as Virtanen 
etal. (1945) and Virtanen & Laine (1946) have shown, 
may be similar to certain of the bile pigments formed 
during haemoglobin breakdown in animals. This 
green pigment is of little interest in the study of the 
nitrogen fixation process since it is invariably formed 
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The haemoglobin was extracted in water from 
samples (1-2g.) of both types of nodule and 
estimated as pyridine haemochromogen as previously 
described. Only bands of haemoglobin could be 
detected when the aqueous extract from effective 
nodules was examined under the microspectroscope. 
No spectroscopically distinguishable components 
were visible in the aqueous extract from ineffective 
nodules although this extract contained a green 
pigment. As will be seen, however, haematin com- 
pounds were present in small amounts in this extract. 
When the solid debris remaining after centrifuging 
was examined under the microspectroscope in the 
presence of a little reducer (Na,S,0,), only bands of 
the cytochromes could be seen in each case, but these 
bands were muchstronger in the debris from effective 


Table 4. Haematin content of effective and ineffective nodules 


Effective nodules 
(Rhizobium, ‘strain 505) 





(mg. haematin/g. 
fresh weight 


of nodules) 
Haematin in aqueous extract 0-071 
Haematin in residue 0-006 
Total haematin 0-077 


Ineffective nodules 
(Rhizobium, strain 507) 


scenes 
(mg. haematin/g. 


—\ 


Percentage fresh weight Percentage 
of total of nodules of total 
92-2 0-0068 78-2 
7-8 0-0019 21-8 
— 0-0087 — 


The ratio (total haematin in nodules of strain 507/total haematin in nodules of strain 505) was 0-113. 


after the nodule has ceased to fix nitrogen. Since it 
appears in considerable quantities in nodules which 
have never contained detectable amounts of haemo- 
globin, it is difficult to understand how it originates 
from the breakdown of haemoglobin, unless this is 
being produced and broken down almost simul- 
taneously. Alternatively, haemoglobin may not be 
produced, but instead quantities of haematin which 
are transformed to the green pigment. 

To find out in what way ineffective nodules are 
distinguished from effective nodules some measure- 
ments of the total amounts of haematin in effective 
and ineffective nodules and of haematin production 
by both types of strain of the nodule bacteria were 
made. 


Haemoglobin and total haematin in effective and 
ineffective soya nodules 


Three groups each of forty soya plants were grown 
in open pots in sterilized soil, each group in a separate 
part of the greenhouse. One group was inoculated 
with Rhizobium strain 505 (effective), the second 
group with strain 507 (ineffective), while the third 
(control) group of plants was left uninoculated. None 
of the control plants produced nodules, consequently 
it may be assumed there were no contaminant 
infections. The plants were harvested 4 weeks after 
inoculation (June 1947). 


nodules. The amounts of haematin in these solid 
residues were also measured. Table 4 lists all these 
results. The haematin in the solid residue in both 
cases comes from the cytochromes and small amounts 
of other haemoproteins. The haematin in the aqueous 
extract of 505 nodules is derived almost entirely 
from haemoglobin. That found in the 507 aqueous 
extract may originate in any of three ways: (a) certain 
of the cytochromes may pass more readily into 
solution because of the tissue breakdown in these 
nodules; (6) free haematin or unidentified haematin 
compounds may be present; or (c) there may be in 
507 nodules a quantity of haemoglobin too small to 
be detected by direct observation. 


The cytology of ineffective soya nodules (Rhizobium, 
strain 507) 


In sections of ineffective nodules the general dis- 
integration of the whole nodule tissue was very 
marked, more especially affecting the large bacteria- 
containing cells. The nuclei of these had disappeared 
and the cytoplasm was breaking up into fragments 
containing large numbers of bacteria. The cytoplasm 
of the interstitial cells was also undergoing dis- 
organization and groups of bacteria were associated 
with the cell walls which were breaking down. The 
relative number of interstitial cells was much greater 
in this type of nodule. Younger ineffective nodules 
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showed only the initiation of these processes, but 
haemoglobin could not be detected in these, however 
young. 

In the effective nodules produced by Rhizobium, 
strain 505, nosuch disorganization could beseeneven 
in large nodules (Figs. 1 and 5). 


Haematin and cytochrome in pure 
cultures of Rhizobium 


The great difference in total haematin contained 
in effective and ineffective nodules suggested the 
possibility that Rhizobium strains might differ in 
their capacity to produce haematin. 

In one experiment pure cultures of the Rhizobium, 
strains 505 and 507, were grown at 28° on an agar 
medium containing inorganic salts and yeast extract. 
After 4 days (the soya organism belongs to the 
slow-growing group of Rhizobia) the cells were 
harvested and washed in 0-1 m—phosphate buffer, 
pH 7:3. 

The intensities of the reduced cytochrome bands 
appeared about the same in both suspensions. 
Examination of these bands showed in each case the 
presence of cytochromes a, 6 and c with the « bands 
of components 6 and c extremely close together. On 
samples of the suspension the total haematin was 
determined as pyridine haemochromogen, and the 
nitrogen content by the micro-Kjeldahl method 
using the Markham steam-distillation apparatus. 
These results are given in Table 5. 


Table 5. Haematin content of pure cultures of 
effective and ineffective strains of Rhizobium 


Nitrogen 
content of 


Haematin 
content of 
Strain suspensions suspensions 
no. (mg./100 ml.) (mg./ml.) 
505 1-3 8-6 
507 0-86 8-6 


Haematin 
(mg./mg.N) 
1-5 x 10-3 
1-0 x 10-3 


The amounts of haematin produced by these two 
strains are of the same order. The difference is small 
and does not account for the great difference in 
haematin content of the two types of nodule. 


DISCUSSION 


In nodules produced by ineffective strains of 
Rhizobium, not only is the absence of haemoglobin 
paralleled by a correspondingly lower amount of 
extractable haematin as compared with that of 
effective nodules, but the amount of non-extractable 
haematin compounds is also lower. This latter 
difference exists when the haematin content is 
calculated on a fresh weight or a dry weight basis 
(the ratio fresh weight/dry weight being the same 
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in each type of nodule). There is also less cytochrome 
in ineffective nodules. This may probably be 
accounted for by the smaller number of bacteria in 
such nodules. 

When grown in pure culture, effective and in- 
effective strains of the root nodule bacteria do not 
differ greatly in the amounts of haematin they 
produce. The absence of haemoglobin and the failure 
to fix nitrogen are doubtless directly connected with 
the breakdown of the bacterial tissue, as these three 
phenomena occur together in nodules produced under 
other circumstances. Such types of nodule are: 
(1) Nodules formed by effective strains of Rhizobium 
on certain varieties of host plant (Nutman, 1946). 
These nodules have a white-green colour and thus 
can possess little haemoglobin (Nutman, private 
communication). (2) Nodules formed on boron- 
deficient plants (Brenchley & Thornton, 1925). It is 
not known whether these nodules contain haemo- 
globin. (3) Effective nodules borne on plants nearing 
the end of their life cycle. (4) Nodules on plants 
which have been kept in the dark for a period of at 
least 11 days (Keilin & Smith, 1947). 

Under the last three conditions the factor causing 
the breakdown of the nodular tissue is apparently 
shortage of carbohydrate. Bond (private com- 
munication) notes that nodules formed on plants 
grown in the dark but supplied with glucose are red 
in colour (in contrast to nodules formed under these 
conditions without an external supply of carbo- 
hydrate). 

Taking into account the structure and properties 
of all these different types of nodule, it may be con- 
cluded that the production of haemoglobin and the 
ability to fix nitrogen are properties not resulting 
from the mere haphazard association of bacteria and 
host tissue in the nodule, but are dependent on a very 
precise relationship between the bacteria and the 
large cells in the nodular tissue in which they are 
found. The presence of haemoglobin, and the ability 
to form with the rest of the plant a nitrogen-fixing 
system, are characteristics which do not arise 
until these cells reach a certain size, and both 
disappear when sooner or later in their development 
(depending on the conditions listed above) these 
cells undergo breakdown. 


SUMMARY 


1. Haemoglobin in legume nodules is contained 
only in the large bacteria-containing cells and does 
not appear in detectable amounts until these cells 
have been differentiated. 

2. The concentration of haemoglobin in the 
bacteria-containing cells of nodules of different 
legume species varied between 1 and 5x 10-*M. 
After cell differentiation the concentration did not 
appear to vary with size of nodule. 
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3. As reported by Virtanen (1945), haemoglobin 
could not be detected in nodules produced by in- 
effective strains of Rhizobium. The amount of 
haematin in such nodules, estimated as pyridine 
haemochromogen, was much less than that in 
effective nodules. 

4. Effective and ineffective strains of Rhizobium 


HAEMOGLOBIN IN LEGUMINOUS ROOT NODULES 


591 


grown in pure culture differ little in the ratios of 
haematin/cell nitrogen. 


The author wishes to thank Prof. D. Keilin, F.R.S., for his 
advice and encouragement, Dr K. Smith, F.R.S., for per- 
mission to carry out the work, and Dr H.G. Thornton, F.R.S., 
who supplied cultures of the Rhizobium, strains 505 and 507. 
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EXPLANATION OF PLATE 6 


Fig. 1. Section through an effective soya nodule (Rhizobium, 
strain 505) showing the bacteria-containing tissue. (Iron 
haematoxylin and orange G.) ( x 800.) 


Fig. 2. Part of a section of a bean nodule treated with 
benzidine and hydrogen peroxide in acid solution. 
( x 100.) . 


Fig. 3. The central tissue of a soya nodule before the develop- 


ment of detectable amounts of haemoglobin. (Iron 


haematoxylin.) ( x 800.) 

Fig.4. The central tissue of a soyanoduleafterthe appearance 
of haemoglobin, showing well-developed bacteria-con- 
taining cells. (Iron haematoxylin.) ( x 800.) 

Fig.5. Section through an ineffective soya nodule (Rhizobium, 
strain 507) showing the bacteria-containing tissue. (Iron 
haematoxylin and orange G.) ( x 800.) 


Haemoglobin and the Oxygen Uptake of Leguminous Root Nodules 


J. D. SMITH, Agricultural Research Council, Plant Virus Research Unit, Molteno Institute, 
University of Cambridge 


(Received 1 November 1948) 


The relation between the partial pressure of oxygen 
and the functioning of the leguminous root nodule is 
twofold, as oxygen affects both nodular development 
and the rate of nitrogen fixation by the mature 
nodule. Nodules formed in the almost complete 
absence of oxygen are small, white, and contain no 
haemoglobin (Virtanen, 1947). They are also deficient 
in vascular strands, but do not undergo the cellular 
disintegration typical of ineffective nodules. Thorn- 
ton (1930) has shown that such nodules fix little 
nitrogen. The effect of depriving normal mature 
nodules of their oxygen supply has been studied by 
Golding (1903) and by Virtanen & von Hausen (1935, 
1936), who found that uptake of gaseous nitrogen in 
nutrient solution cultures ceased in the absence of an 
oxygen supply to the nodulated roots, while uptake 
of combined nitrogen was independent of root 


aeration. Wilson & Fred (see Wilson, 1940) have 
produced quantitative results demonstrating the 
effect of growing entire clover plants in partial 
pressures of oxygen (pO,) varying between 0-012 and 
0-6 atm. They found that reduction of the pO, down 
to 0-012 atm. was accompanied by a proportional 
decrease in the uptake of gaseous and combined 
nitrogen. Their experiments, however, are not 
directly comparable with those of Golding (1903) 
and Virtanen & von Hausen (1935, 1936), in which 
the pO, would probably be much lower than 
0-012 atm. and the green parts of the plants were in 
an atmosphere containing 20 % oxygen. 

Thus, apart from its effect on the development of 
the nodule, oxygen is concerned in the process of 
nitrogen fixation. It may merely be involved in- 
directly through the release of energy by the oxida- 
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tion of carbohydrates, or it may in addition enter 
directly into the fixation mechanism. 

A fair amount of information is available con- 
cerning the respiration of nodules. Two important 
experimental results must be kept in mind when 
considering this work (Wilson, 1940); (1) Bacteria 
from crushed nodules, separated from the tissue 
debris, behave, so far as their respiration is con- 
cerned, in a manner identical with those from pure 
cultures with the exception that the former, in the 
case of the faster-growing group of Rhizobia, attain 
their maximum rate of oxygen uptake at a lower 
pO, than do bacteria grown in pure culture. (2) Rhizo- 
bium in pure culture will grow well at a pO, of less 
than 0-01 atm. 

The relative rates of respiration of nodules and 
roots appear to vary within fairly wide limits. All 
Q., values in this paper are in pl./mg. dry wt./hr. 
Values for the ratio Qo, nodules/Q,, roots between 
0-5 and 3-1 have been reported by different workers 
(Allison, Ludwig, Hoover & Minor, 1940; Asprey 
& Bond, 1941; Wilson, 1940). Allison etal. found that 
sliced or crushed nodules had a much higher Qo, than 
whole nodules and that the respiratory quotient of 
nodules respiring in air was well in excess of 1, the 
value of the latter increasing with the size of nodule. 
Such results show that the pO, within the nodule 
must be very low and that oxygen uptake must be 
determined largely by the rate of diffusion of the gas 
through the nodule tissue. This is not a surprising 
fact considering that most nodules are large spheres, 
several mm. in diameter, containing cells packed 
with bacteria. 

In view of this, the possibility that the nodule 
haemoglobin may have some effect on oxygen uptake 
by the nodular tissue at these low partial pressures 
of oxygen must be considered. Three ways in which 
haemoglobin could have such an effect suggest 
themselves. 

(1) Haemoglobin might act as a store of oxygen. 
However, a simple calculation shows that haemo- 
globin could not act as such a store over any length 
of time. From the data presented in the preceding 
paper (Smith, 1949) it can be calculated that the 
haemoglobin in 1g. (fresh wt.) of the bacteria- 
containing cells of soya nodules, if completely 
oxygenated, would contain 11-2 pl. of oxygen. The 
mean Q,, of this tissue may be taken as 2. Con- 
sequently this amount of stored oxygen would be 
used up in 3-4 min. Small amounts of haemoglobin 
can serve as reservoirs of oxygen over such short 
periods of time in the case of organisms dependent 
upon an intermittent supply of oxygen (e.g. Arenicola 
marina, Bareroft & Barcroft, 1924). There is no 
evidence, however, that the oxygen uptake of 
nodules is intermittent. 

(2) Were the pigment able to move about within 
the cells, haemoglobin might act as a carrier of 
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oxygen, but there is no reason to believe that any 
such movement could occur. It is difficult to see how 
stationary haemoglobin can have any direct effect 
upon a diffusion gradient or dissolved oxygen within 
the nodule after a steady state has been reached. 

(3) The presence of haemoglobin might directly 
affect the rate of combination of oxygen with 
respiratory enzymes over the range of values of pO, 
at which these enzymes are not saturated with 
oxygen. This could bring about an increase in the 
overall uptake of oxygen by the nodule even where 
this is dependent on the rate of diffusion into the 
nodular tissue. 

If C, is the external concentration of oxygen, 
C, is the concentration of oxygen at a respiratory 
site, Ris the rate of oxygen uptake by enzymes at 
this site; then, if the enzymes are not saturated 
with oxygen, the rate of oxygen uptake is nearly 
proportional to C,, so that if K is a constant, 

oie, (1) 

And if r is the effective length of the diffusion path 
from the exterior to the respiratory site and D is the 
diffusion constant 

R=D(C,—C,)/r. (2) 

Combining (1) and (2) 

ms r/D+1/K° 

The possibility under consideration is that the 
presence of haemoglobin may increase K. This will 
have an effect upon R, the magnitude of which will 
depend on the relative magnitudes of 1/K and r/D. 

This last possibility is apparently supported by 
certain experimental results. Kubo (1939) found 
that addition of nodule haemoglobin to Rhizobium 
cells brought about an increase in the rate of respira- 
tion at low partial pressures of oxygen. Little & 
Burris (1947) found a similar effect in the case of 
Rhizobium grown both in the nodule and in pure 
culture, and a number of other bacteria (Escherichia 
coli, ete.), using a pO, of 0-01 atm. Hog haemoglobin 
had an effect similar to that of the nodule haemo- 
globin. 

The first part of this paper is concerned with 
diffusion and the oxygen uptake of nodules, the 
second with the relation of haemoglobin to oxygen 
uptake—in this section the experiments of Kubo 
(1939) and of Little & Burris (1947) are discussed. 


EXPERIMENTAL METHODS 


Nodule material. Legumes were grown in pots containing 
sterilized soil to which had been added a suspension of cells 
of the appropriate strain of Rhizobium. Sufficient precaution 
against contaminant infection was obtained by placing 
plants inoculated with different strains of Rhizobium in 
separate parts of the glasshouse. (Groups of forty plants 
of each species grown ‘in uninoculated soil simultaneously 
within the same glasshouse produced no nodules.) Nodules 
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were normally harvested when the plants were just beginning 
to flower. They were detached from the plant, washed 
thoroughly, surface moisture was removed with filter paper, 
and the nodules were weighed. 

Rhizobium suspensions. Strains of Rhizobium were grown 
in Roux flasks at 30° on agar medium (K,HPO,, 0-5 g.; 
MgSO,.7H,0, 0-2 g.; NaCl, 0-2 g.; CaCl,, 0-2g.; FeCl, 
0-001 g.; Difco yeast, 5 g.; agar, 15 g.; distilled water to 1 1.) 
in which a yeast-extract preparation was the sole source of 
carbon and nitrogen. With this medium gum production, 
which causes inconvenience in the handling of the suspen- 
sions, was reduced to a minimum. 

Crystalline horse haemoglobin. A solution of lyzed horse red 
blood corpuscles was shaken with ether and centrifuged. The 
lower layer of oxyhaemoglobin solution was sucked off and 
dialyzed. Ethanol was added to give a concentration of 20% 
and the solution left in the ice chest until the haemoglobin 
had crystallized. Before use the haemoglobin was dialyzed 
to remove ethanol. 

Measurement of the oxygen uptake of detached nodules. 
O, uptake was measured in Barcroft differential manometers 
at 28°. The plant material was usually suspended in 3 ml. of 
Medium 1. CO, was absorbed by KOH papers in the centre 
wells of the flasks. All volumes are expressed as pl. of gas 
at N.T.P. 

Medium 1 was as follows: K,HPO,, 0-8 g.; KH,PO,, 
0-2g.; NaCl, 0-2 g.; MgSO,.7H,O, 0-2g.; CaSO,.2H,0, 
0-1g.; Fe,(SO,),.9H,O, 0-01 g.; glucose, 10g.; distilled 
water to 1 1.; pH 7-3. 


RESULTS 
Diffusion and the oxygen uptake of nodules 


The path of gas uptake in nodules. While previous 
authors (Allison e¢ al. 1940) appear to have assumed 
that gases enter the nodule by diffusion in aqueous 
solution through the wet cell walls, there is also the 
possibility that sinall pores may exist in the outer- 
most layer of cells communicating with the inter- 
cellular spaces within the nodule. Gases could then 
diffuse in directly. In nature nodules are not 
normally submerged in fluid, but are either more or 
less dry on the surface or coated with a thin film of 
moisture. If pores existed in the outermost layer, 
entry of gases would then be much more rapid under 
natural conditions than when the nodule was im- 
mersed in a fluid in equilibrium with the atmosphere. 
It is therefore necessary to know how gases do in 
fact enter the nodule in order to interpret data 
obtained from experiments on nodules immersed in 
fluid in manometers. 

Sections of nodules of various sizes were ex- 
amined. A small number of air spaces were seen 
within the nodule, but none of these appeared to 
communicate with the exterior. Surface strips of 
nodules did not reveal any pores or gaps in the 
outer layer of cells. 

Manometric measurements were made of the oxygen up- 
take of nodules totally immersed in water, and of the same 
nodules when directly in contact with the gas phase. For this 
purpose nodules were placed in Barcroft manometers together 
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with a small amount of water (0-2 ml.) which prevented 
spurious readings being caused by changes in the vapour 
pressure within the flasks due to absorption of water vapour 
by the alkali in the centre well. These nodules were in direct 
contact with air in the manometer flasks. Readings were 
taken for 30 min., after which 3 ml. of water were added to 
each flask and readings were taken of the O, uptake of the 
nodules when submerged. The manometric constant was 
recalculated to allow for the relative change in liquid and gas 
volumes. It had been previously established that the O, 
uptake of nodules, when kept under constant conditions, did 
not vary over a period of at least 60 min. Measurements on 
four samples of small soya nodules gave values of 1-67, 1-60, 
1-45 and 1-54 for the ratio O, uptake of submerged nodules/ 
O, uptake of nodules directly in air, with a mean of 1-55. 

This increase in oxygen uptake, observed when 
nodules were immersed in a fluid shaken so as to be 
in equilibrium with the atmosphere, was not to be 
expected if gases are able to diffuse directly through 
pores into the nodule. The observed effect may 
perhaps be explained by the small surface available 
for exchange of gas between gas and liquid phase at 
the surface of nodules suspended in air, as compared 
with that at a constantly changing surface of shaking 
fluid. 

It may thus be concluded that gases enter the 
nodule by passage in solution across the wet walls 
of the outer layer of cells. While rates of oxygen 
uptake of nodules measured when immersed in water 
are somewhat greater than natural rates, they corre- 
spond to a known pO, at the surface of the nodule. 

The Qo, of nodules of different sizes and of nodule 
slices. From some experiments, in which the rates 
of oxygen uptake of various nodules and nodule 
slices were measured, it was possible to obtain an 
estimate of the extent to which gas uptake of nodules 
is determined by diffusion. 

The oxygen uptake of soya nodules (Rhizobiwm, 
strain 505) was followed manometrically in air and 
in oxygen at 28°. After washing and drying, the 
nodules were graded by size into three samples, small, 
medium and large, and suspended in medium 1. The 
values obtained are given in Table 1. 


Table 1. Rates of oxygen uptake of soya 
nodules of various sizes (Rhizobium, strain 505) 


(The values of mean volume, radius and surface area were 
calculated from the weight of fresh nodule (density =1). 
About 50 nodules of each size were taken.) 


Small Medium-sized Large 
nodules nodules nodules 
Mean volume of 2-99 6-38 10-1 
nodule (cu. mm.) 
Mean radius of 0-895 1-15 1-35 
nodule (mm.) 
Mean surface area 10-1 16-6 22-9 
of nodule (sq.mm.) 
Qo, in air 1-26 1-05 0-99 
Qo, in oxygen 3-29 2-82 2-65 
38 
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Similarly, the Q), of whole soya nodules (strain 
505) and that of nodule slices of various thicknesses 
were measured at 28° (Table 2). Nodules were 
sliced with a razor and the slices allowed to stand in 
distilled water for about 20 min. before the experi- 
ment. During the experimental period (about 
20 min.) the rates remained constant showing no 
indication of falling off. This, together with the fact 
that the slices were previously thoroughly washed 
with water, discounts the possibility that the high 
Qo, values of the thin slices of tissue were due to 
substances liberated from the cells on cutting the 
tissue. Such high values of Qo, are not uncommon 
with plant tissues such as young roots. 


Table 2. Qo, of whole nodules and nodule slices 


(Soya nodules, Rhizobium, strain 505. The same nodule 
sample was used for experiments in air and in oxygen.) 


Nodule slices 


Whole Noduleslices (<0-3 mm. 

nodules (1 mm. thick) thick) 
Qo, in air 1-32 3-59 7-01 
Qo, in oxygen 3-56 8-25 7-76 


The enzymes concerned in the uptake of oxygen 
are saturated at a pO, far below 0-2 atm., so that an 
increase brought about by increasing the pO, above 
this value shows that diffusion is to some extent 
determining the rate of oxygen uptake. Only in the 
case of nodule slices less than 0-3 mm. in thickness 
is there practically no such effect on increasing the 
pO,. The value for the Qo, of the nodule tissue, when 
independent of the rate of diffusion, may thus be 
taken as 7-8. Whole nodules have values very much 
less than this, and furthermore the value of Qo, 
decreases as the size of the nodule increases (and thus 
the ratio surface area/volume decreases). It must be 
concluded that the rate of uptake is largely deter- 
mined by diffusion of oxygen within the nodule. 


The presence of haemoglobin and 
oxygen uptake 


Two methods of approach were used to find out 
whether haemoglobin takes any part in oxygen 
uptake of nodules by virtue of its oxygen-binding 
capacity. First the rates of oxygen uptake by 
effective nodules and ineffective nodules (which 
contain no haemoglobin) were compared, and 
secondly the effect of carbon monoxide upon oxygen 
uptake by effective nodules (both detached and 
attached to the plant) was investigated. 

The oxygen uptake of effective and ineffective nodules. 
The rates of oxygen uptake of detached nodules 
produced by the effective Rhizobium strain 505, and 
of nodules produced by the ineffective Rhizobium 
strain 507, were measured manometrically at 30°. 
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The values of Qo, of thin slices of these two types of 
nodule were also compared (Table 3). The whole 
nodules were selected so as to be of uniform size. 
Plants bearing the two types of nodule were grown 
under identical conditions. 


Table 3. Oxygen uptake of effective and ineffective 


nodules : 
Oxygen uptake 
; e 
Qos in Qo, in 
Material Medium air oxygen 
Vhole effectiv 
a — | 0-05 M-phosphate ( 1-50 —_ 
- buffer, pH 7-3 
Whole ineffective | ‘1 of Siiees | 1-69 = 
nodules 
Sliced effective 
nodules (<0-3 mm — 7-76 
thick) 
> Medium 1 
Sliced ineffective — 
nodules(<0-3mm. _— 6-84 
thick) 


The rates of oxygen uptake of whole effective and 
ineffective nodules, when expressed on a dry weight 
basis, are equal within the limits of error due to 
varying sizes of nodule. (This is also true when the 
results are expressed on a fresh weight basis.) The 
rates of oxygen uptake by thin slices of these two 
types of nodule in oxygen (where diffusion of gases 
within the tissue played no part in determining the 
rate) did not differ greatly, that of ineffective nodule 
slices being slightly lower. This result is in contrast 
to that reported by Asprey & Bond (1941), who 
found values of Qo, of whole effective soya nodules 
(strain 505) to vary between 2-31 and 6-25, while 
that of ineffective soya nodules (strain 507) was only 
0-7. It may be that their ineffective nodules were 
older, and in a more advanced state of disorganiza- 
tion. In so far as effective and ineffective nodular 
tissues are comparable, the results (Table 3) show 
no indication that the haemoglobin in effective 
nodules affects oxygen uptake. 

Carbon monoxide and the oxygen uptake of nodules. 
By converting all or most of the nodule haemoglobin 
(Hb) to carboxyhaemoglobin (HbCO) its property 
of reversible oxygenation is removed, and from the 
resulting rate of respiration it can be seen whether 
this property plays any part in determining the 
normal oxygen uptake of nodules. 

The maximum partial pressure of carbon mon- 
oxide (pCO) necessary to obtain a ratio HbCO/total 
Hb equal to 0-5 may be approximately calculated 
from data given by Keilin & Wang (1945). 

In the equilibrium HbO,=Hb + O, 


K,= [Hb]. pO,/[HbO,]. 
In the equilibrium HbCO =Hb + CO 
K,= [Hb]. pCO/[HbCO]. 
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If C is the total concentration of haemoglobin in 


all forms 
C= [Hb]+ [HbO,]+ [HbCO]. 


[HbCO}/C = 0-5 
K 
pCco = Ky +5 -POx 


1 


When 


From Keilin & Wang’s data 


K,=0-1 mm. Hg, 
K,=0-0027 mm. Hg. 


According to Keilin & Wang K, may be less than 
0-l1mm. but the difference does not alter the 
calculated value of pCO to any significant extent. 

Taking the maximum value of pO, which is found 
at the surface of the nodule in air pO,= 152 mm. 
mercury, the maximum value of pCO is calculated 
to be 0-0055 atm. (0-55% CO). With 5%CO 
practically all the haemoglobin would be in the form 
HbCO. 

The effects of these concentrations of carbon 
monoxide (which are below those affecting cyto- 
chrome oxidase or other respiratory enzymes) on the 
oxygen uptake of excised nodules and of nodules 
attached to the plant were studied. 

The effect of carbon monoxide on the oxygen uptake 
of detached nodules. Whole nodules, and in some 
experiments sliced nodules and roots for comparative 
purposes, were suspended in Medium 1 in Barcroft 


Table 4. Oxygen uptake of whole soya 
nodules (Rhizobium, strain 505) 


(qo, is the oxygen uptake expressed as yl./mg. of fresh 
tissue/hr. Temp. 28°.) 
0-155 
0-172 


0-134 


Jo, in air 
0-172 


Yo, in air +CO (0-0055 atm.) 


Table 5. Oxygen uptake of Vicia faba nodules 
(effective Rhizobium, strain 2195) sliced nodules 


and roots 30° 


Whole Whole Sliced 


nodules nodules nodules Roots Roots 
Rate of O, uptake 80 117 150 102 144 
in air (ul./hr.) 
Rate of O, uptake 80 122 156 84-6 123 


in 20% O,, 5% CO, 


75% Ny (ul./hr.) 


manometers at 28 or 30°, and their rate of oxygen 
uptake measured in air. The flasks were filled with 
gas mixtures, containing 20% oxygen in nitrogen 
with varying concentrations of carbon monoxide, 
and readings continued. Readings in the gas mixture 
containing carbon monoxide were continued over 
40 min. (Tables 4 and 5). 

Carbon monoxide in concentrations up to 5%, 
when all the Hb would be converted into HbCO, had 
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no inhibitory effect on oxygen uptake by detached 
nodules. (In fact there was often a slight accelerating 
effect. This will be discussed later, together with 
some experiments on bird red blood cells.) 


Carbon monoxide and the oxygen uptake of 
nodules attached to the plant 


A striking and at present inexplicable fact of 
symbiotic nitrogen fixation is that, after their 
separation from the rest of the plant, nodules and 
nodulated roots lose all but a trace of their nitrogen- 
fixing ability. Nodules when excised are clearly 
different in some way from those still attached to the 
plant. It was thought that this difference might be 
reflected in the response of their oxygen uptake to 
poisoning of the haemoglobin with carbon monoxide. 
With this end in view the experiments of the last 
section were repeated using intact nodulated plants. 


Experimental method. While Bond (1939) has measured 
the CO, output of nodulated roots attached to the plant, 
similar measurements of O, uptake cannot be traced in the 
literature. 





Fig. 1. Apparatus used in the measurement of oxygen 
uptake of nodulated roots attached to the plant. 


For this purpose the simple apparatus (Fig. 1) was devised. 
The plant was held tightly in the apparatus by means of 
the split bored rubber bung, so that the nodulated roots 
projected into the cylindrical glass vessel A (volume, about 
20 ml.). This vessel, together with the syringe B (connected 
by a glass capillary and rubber tube), was filled with 
nutrient solution saturated with a gas mixture, and all gas 
bubbles were expelled through tap C which was then closed. 
There was then no gas phase in contact with the fluid 
surrounding the roots. The apparatus was attached to 
a holder which fitted into the shaking mechanism of the 
manometer bath. By this means the vessel A was given 
a horizontal oscillatory movement so that the fluid within 
was adequately stirred by a number of large rolling glass 
beads placed in A. Fluid in B was not in equilibrium with 
that in A owing to the narrow capillary connecting A 
and B. 
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From time to time samples of the fluid in.A were removed 
through a short piece of sealed rubber tubing E into a syringe, 
devised by Roughton & Scholander (1943), the capillary end 
of which had been cemented to a no. 20 hypodermic needle 
(Fig. 2). As the sample was removed from A it was replaced 
by an equal volume of fluid, containing the initial amount 
of dissolved gas, from the syringe B. (The plunger of this 
syringe was kept under a slight positive pressure by a 
rubber band.) Allowance was made for this replacement in 
the calculation of the results. (Transpiration by the small 





Fig. 2. Modified Roughton-Scholander syringe. 


clover plants used was negligible over the period of the 
experiment.) The dissolved gases in the sample (about 
0-4 ml. fluid) were extracted with CO, in the main part of 
the syringe, the CO, absorbed with KOH, and the bubble 
of extracted O, and N, pushed into the capillary of the 
syringe where its volume was measured (after immersion of 
the syringe in a bath of water at room temperature). The O, 
was then absorbed by alkaline Na,S,O, and the bubble of 
N, measured. This analytical procedure is described by 
Roughton & Scholander (1943). During the shaking 
operations the needle was closed with a small piece of 
spongy rubber. 

During the course of these experiments the pO, was 
constantly changing, as no provision was made for the 
replacement of the O, used. It was found experimentally 
that, above a certain value, changes in pO, did not affect the 
rate of O, uptake by nodulated roots of small clover plants. 
(This would not be true of thick roots owing to diffusion 





Time (min.) 


Fig. 3. Oxygen uptake of nodulated clover roots attached 
to the plant, with and without CO (pCO =0-02 atm.) 


effects.) It was found convenient to fill the apparatus at the 
start of an experiment with Medium 1 (without glucose) 
approximately saturated with a gas mixture containing 
80% O, and 20% N,. In filling the apparatus this was 
first washed with the gas mixture, passed through via the 
sampling tube H, and then the medium saturated with the 
gas mixture was passed through. The tube E was then 
closed by the piece of sealed rubber tubing and any gas 
bubbles expelled through tap C. 
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Values of the rate of oxygen uptake of pieces of plant 
tissue measured in the apparatus and in Barcroft mano- 
meters agreed to within 2%. 

Experiments. Those roots bearing few or no nodules were 
removed from a well-nodulated clover plant (inoculated 
with Rhizobium, strain 2192). The latter was then washed 
thoroughly and placed in the apparatus filled with Medium 1 
equilibrated with a mixture containing 20% N, and 80% 
O,. The apparatus was shaken and readings of the O; 
content of the fluid taken. After about 90 min. tap C was 
opened, and 0-4 ml. of medium 1 saturated with CO was 
introduced through HZ by means of a syringe with a needle. 
This displaced an equal volume of medium through tap C. 
By this means a pCO of 0-02 atm. was obtained. Tap C was 
then closed and readings were continued. 


Several experiments of this kind were carried out; 
typical results are shown in Fig. 3. No effect of 
carbon monoxide at this partial pressure on the 
oxygen-uptake rate could be detected. Any change 
in rate of oxygen uptake of about 5 % or more would 
easily have been observed. 


Haemoglobin and the oxygen uptake of 
the root nodule bacteria 


Mention has already been made of the experiments 
of Little & Burris (1947), who found that addition 
of mammalian or nodule haemoglobin to resting 
suspensions of Rhizobium brought about an increase 
in the rate of oxygen uptake at low partial pressures 
of oxygen (0-01 atm.). Their interpretation of this 
result as a direct effect of haemoglobin on the oxygen 
uptake of the nodule bacteria, the pigment acting 
through its capacity for reversible oxygenation, made 
it likely that the same effect might be present in the 
nodule. From the experiments with effective and 
ineffective nodules, and with carbon monoxide, de- 
scribed above, it is apparent that this is not so. In 
order to learn if their results could be interpreted in 
another way the experiments of Little & Burris 
(1947) were repeated at values of pO, of 0-01 and 
0-2 atm. with carboxyhaemoglobin as a control in 
addition to denatured haemoglobin. 


Experiment 1. A 4-day culture of Rhizobium (strain 2193) 
grown at 30° was washed and suspended in 0-] M-phosphate 
buffer pH 7-3. Crystalline haemoglobin, prepared from horse 
red blood cells as described (p. 593), was dissolved in 0-1M- 
phosphate buffer pH 7-3. Denatured haemoglobin was 
obtained by heating this solution to 100° for 1 min. (following 
the procedure of Little & Burris, 1947). O, uptake was 
measured manometrically at 37-2° in atmospheres of O, of 
partial pressure 0-01 atm. or 0-2 atm. in N,. In each flask 
was placed | ml. of the Rhizobium suspension, 1 ml. of 3% 
glucose, together with either 1 ml. of buffer solution, 1 ml. 
of the haemoglobin solution in buffer, or 1 ml. of denatured 
haemoglobin. 


Table 6 shows that the effect of haemoglobin is 
large at both values of pO,. The haemoglobin de- 
natured by heating inhibited oxygen uptake to some 
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extent and was unsatisfactory as a control, con- 
sequently in the next experiment it was replaced by 
carboxyhaemoglobin. 


Table 6. Haemoglobin and oxygen uptake 
of Rhizobium 


Rhizobium 
Rhizobium (suspension 
(suspension Rhizobium _ in glucose 
Contents of in glucose (suspension buffer +de- 
manometer buffer+hae- in glucose natured hae- 
flask moglobin) buffer + buffer) moglobin) 
Rate of O, uptake 49-5 23-4 15 
(ul./hr.) at 
pO, =0-01 atm. 
Rate of O, uptake 53-5 39-6 21 
(ul./hr.) at 
pO, =0-2 atm. 


The oxygen capacity of the haemoglobin solution 
added, determined manometrically by the ferri- 
cyanide method, was 29-21. O,/ml. solution. 

Increasing the rate of shaking of the flasks did not 
affect the rates of oxygen uptake. 

Experiment 2. The first experiment was repeated with 
some flasks filled with air and others with a gas mixture 
containing 20% O., 5% CO and 75% N,. Haemoglobin in 
flasks filled with the CO mixture was entirely converted to 
HbCO. 


The oxygen-uptake curves (Fig. 4) showed that, 
in addition to haemoglobin, carboxyhaemoglobin 
brought about equally large increase in the oxygen 





0 
Time (min.) ™ 


Fig. 4. Oxygen uptake of Rhizobiwm suspensions: A, in air; 
B, in air containing CO; C, in air, with haemoglobin; 
D, in air containing CO, with haemoglobin. 


uptake of the bacteria. The effect of haemoglobin in 
this and probably in the other experiments, including 
those at low partial pressures of oxygen, is not 
connected with its ability to undergo oxygenation. 
A probable explanation is that Rhizobium and many 
other bacteria are able to break down haemoglobin 
and use it as a nitrogen source, so that in the presence 
of haemoglobin, the bacteria change over from a rate 
of oxygen uptake corresponding to a resting meta- 
bolism to a higher rate characteristic of a pro- 
liferating metabolism. A similar effect of haemoglobin 
on bacterial respiration at low values of pO,, noted 
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by Baumberger (1939), may possibly be interpreted 
in the same way. 

Haemoglobin and oxygen uptake in bird red blood 
cells. The nucleated red blood corpuscle of birds 
provides a model cell containing a large quantity of 
haemoglobin and havingareasonablyhigh respiratory 
activity. Warburg (1929) has used these cells in an 
experiment intended to find out whether stationary 
haemoglobin within cells can have any effect on their 
oxygen uptake. He measured the change in oxygen 
uptake of bird red blood cells on converting all their 
haemoglobin to carboxyhaemoglobin, and found the 
unexpected result that treatment of these cells with 
carbon monoxide caused an increase in their oxygen 
uptake. Warburg does not explain this odd effect 
satisfactorily and gives no details of his experiments. 

His experiment has been repeated here using fresh washed 
chick red blood corpuscles suspended at 37° in bird Ringer 
solution containing 0-2% glucose. (Bird Ringer solution: 
NaCl, 9 g.; KCl, 0-4 g.; CaCl,, 0-25 g.; water to 11.). Into 
each of a number of Warburg manometers were placed 2 ml. 
of this suspension. Oxygen uptake was measured in air and 
in a gas mixture containing 5% carbon monoxide, 20% 
oxygen and 75% nitrogen. 

Immediately after replacing the air in the flasks with the 
gas mixture containing carbon monoxide the effect noted by 
Warburg was observed, the oxygen uptake increasing by 
more than 50%. However, after about 20 min the rate fell 
quickly back to the original value obtained in air (Table 7). 


Table 7. Oxygen uptake of bird red blood corpuscles 
in air and in air containing 5 % carbon monoxide 


(Each flask contained 2 ml. corpuscles. O, capacity of 
the haemoglobin in 2 ml. corpuscles = 133 yl. Temp., 37°.) 


Rate of O, uptake 


(ul./hr.) 
In air 68-4 
Initial rates in air containing 5% CO 99-6, 91-2* 
Final rate in air containing 5% CO 67-2, 66-6* 


* Duplicate determinations. 


DISCUSSION 


While in most cases the occurrence of haemoglobin 
can be directly related to its function as an oxygen 
carrier, some organisms(including some invertebrates 
and certain protozoa) possess a stationary intra- 
cellular haemoglobin, which cannot possibly act as 
an oxygen carrier in the normal sense and yet which 
has the same property of reversible oxygenation. 
This is also true of the bacteria-containing cells of 
the legume nodule. Here, in addition, there is good 
evidence that the presence of the pigment is in some 
way connected with the process of symbiotic 
nitrogen fixation. 

The view that nodule haemoglobin acts in nitrogen 
fixation as an oxidation-reduction catalyst, the 
valency of the iron in the molecule undergoing 
reversible changes, must be rejected both on experi- 
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mental and theoretical grounds (Keilin & Smith, 
1947). It has often been assumed that such stationary 
haemoglobin might bring about an increase in the 
oxygen uptake of cells, especially when these are in 
an environment deficient in oxygen. In face of the 
known interrelation between oxygen supply and the 
functioning of the legume nodule such an explanation 
of the presence of haemoglobin in the noduleseemed 
not unlikely. This was more especially so in view of 
the low pO, in the central nodular tissue. 

It was therefore necessary to compare the oxygen 
uptake of nodules with and without haemoglobin 
capable of reversible oxygenation. This was done in 
two ways and in each case no significant difference 
in oxygen uptake was detected. The first comparison, 
that between effective and ineffective nodules is 
open to the objection that ineffective nodules differ 
from effective nodules not only because of their lack 
of haemoglobin, but also because of the breakdown 
of the bacteria-containing cells. Such criticisms do 
not apply, however, to the comparison between 
normal nodules and nodules in which the haemo- 
globin has been converted to carboxyhaemoglobin. 
Within the accuracy of the methods used in measuring 
oxygen uptake (approx. +2%) the presence of 
haemoglobin has ‘no effect on the oxygen uptake of 
nodules whether excised or attached to the rest of the 
plant. Such a conclusion is compatible with the 
results found on examining the effect of solutions of 
haemoglobin upon the oxygen uptake of Rhizobium 
suspensions. The increase in oxygen uptake. of 
Rhizobium suspensions on addition of haemoglobin 
solutions was found not to be connected with the 
reversible oxygenation property of haemoglobin, but 
to be probably due to the ability of the bacteria to 
use haemoglobin as a nitrogen source. 

Because of its comparatively high respiratory 
activity and its high haemoglobin content, the 
nucleated bird red blood cell appeared to be an ideal 
model on which to investigate the effect of haemo- 
globin contained within the cell on its oxygen uptake. 
However, low concentrations of carbon monoxide 
bring about a temporary increase of about 50% in 
the oxygen uptake of these cells. It is possible that 
this increase in gas uptake is in reality due to the 
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combustion of carbon monoxide to carbon dioxide 

which, as has been shown by Fenn & Cobb (1932), 

may take place in frog muscles. It was thus not 

possible in these cells to find the effect on oxygen 

uptake of converting the haemoglobin to carboxy- 

haemoglobin. ; 
SUMMARY 


1. It is shown that oxygen enters the nodules of 
leguminous roots by diffusion in solution across the 
wet cell walls. 

2. Values of the Qo, of whole nodules decrease 
with increasing size of nodule and are greater in 
oxygen than in air. The Qo, of thin slices of nodules, 
of a thickness such that diffusion does not determine 
the rate of oxygen uptake, is about 7—8 yl./mg. dry 

wt./hr., while that for whole nodules is about 
1-2 pl./mg. dry wt./hr. 

3. The Qo, values of whole and dead ineffective 
nodules differed very little from those of whole and 
sliced effective nodules. 

4. Carbon monoxide in a concentration sufficient 
to convert practically all the nodule haemoglobin 
to carboxyhaemoglobin had no effect on oxygen 
uptake by detached effective nodules. Anapparatusis 
described by means of which the oxygen uptake of 
nodulated roots may be measured when these are 
attached to the plant. Noeffect of low concentrations 
of carbon monoxide on the oxygen uptake of attached 
nodules could be detected. 

5. The increase in oxygen uptake brought about 
by addition of haemoglobin solutions to Rhizobium 
cells is shown to be unconnected with the ability of 
haemoglobin to undergo reversible oxygenation. 

6. Warburg’s (1929) observation that low con- 
centrations of carbon monoxide apparently stimu- 
lated oxygen uptake by bird red blood cells was 
confirmed. It was found that this stimulation was 
temporary. 


The author wishes to thank Prof. D. Keilin, F.R.S., for his 
advice and encouragement and Dr K. Smith, F.R.S., for per- 
mission to carry out the work. The cultures of the Rhizobium 
(strains 505 and 507) were very kindly supplied by Dr H. G. 
Thornton, F.R.S. Thanks are also due to Prof. F. J. W. 
Roughton, F.R.S., for advice and the loan of a syringe. 


REFERENCES 


Allison, F. E., Ludwig, C. A., Hoover, S. R. & Minor, F. W. 
(1940). Bot. Gaz. 101, 513. 

Asprey, G. F. & Bond, G. (1941). Nature, Lond., 147, 675. 

Barcroft, J. & Barcroft, H. (1924). Proc. Roy. Soc. B, 96, 28. 

Baumberger, J. P. (1939). Cold Spr. Harb. Sym. quant. Biol. 
7, 195 (see p. 211). 

Bond, G. (1939). Nature, Lond., 144, 906. 

Fenn, W. O. & Cobb, D. M. (1932). Amer. J. Physiol. 102, 393. 

Golding, J. (1903). Zbl. Bakt. (2. Abt.), 11, 1. 

Keilin, D & Smith, J. D.- (1947). Nature, Lond., 159, 692. 

Keilin, D. & Wang, Y. L. (1945). Nature, Lond., 155, 227. 


Kubo, H. (1939). Acta Phytochim., Tokyo, 11, 195. 


Little, H. N. & Burris, R. H. (1947). J. Amer. chem. Soc. 69, 
838. 

Roughton, F. J. W. & Scholander, P. F. (1943). J. biol. 
Chem. 148, 541. 

Smith, J. D. (1949). Biochem. J. 45, 585. 

Thornton, H. G. (1930). Proc. Roy. Soc. B, 106, 110. 

Virtanen, A. I. (1947). Biol. Rev. 22, 239. 

Virtanen, A. I. & Hausen, S. von (1935). J. agric. Sci. 25, 278. 

Virtanen, A.I. & Hausen, 8. von (1936). J. agric. Sci. 26, 281. 

Warburg, O. (1929). Biochem. Z. 214, 2. 

Wilson, P. W. (1940). The Biochemistry of Symbiotic Nitrogen 
Fixation. Madison, U.S.A.: University of Wisconsin Press. 





- + Q@ 


. 


on 


Vol. 44 


599 


The Inhibition of 8-Glucuronidase by Saccharic Acid and 
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In view of the relationship shown to exist between 
the B-glucuronidase activity of a tissue and its state 
of growth (Levvy, Kerr & Campbell, 1948), it was 
considered important to find a specific inhibitor for 
this enzyme. It has been suggested (Fishman, 1940), 
without any direct evidence, that B-glucuronidase 
is responsible for the formation of glucuronides in 
the body. The use of an inhibitor for glucuronidase 
in testing this hypothesis forms an obvious first step 
towards elucidating the physiological function of the 
enzyme. 

A variety of substances have been examined for 
their effect on the hydrolysis of phenylglucuronide 


by B-glucuronidase. Of those which caused inhibition, 
by far the most effective was D-glucosaccharic acid, 
and this compound was examined for its action on 
glucuronide synthesis by liver slices and on growth 
processes in the mouse. 


EXPERIMENTS AND RESULTS 


Determination of B-glucuronidase. The hydrolysis of 
phenylglucuronide by mouse-liver or kidney glucuronidase 
preparations was measured by the procedure of Kerr, 
Graham & Levvy (1948). In testing substances for a possible 
inhibitory action on the enzyme, incubation mixtures were 
made up as follows: 0-4 ml. enzyme preparation, 0-2 ml. 


Table 1. Inhibition of B-glucuronidase in vitro (0-015M-phenylglucuronide) 


Phenol liberated 
SSS 
In In presence 
Concentration — controls of inhibitor Inhibition Enzyme 
Compound (10-*m) (ug.) (ug-) (% preparation 
Saccharic acid 150 32-1 3-3 90 Liver 
150 25-4 4-2 84 rs 
150 17-1 3-2 81 re 
50 39-1 8-0 80 ma 
50 32-7 6-5 80 a 
50 27-0 6-5 76 a 
50 25-5 7-9 69 e 
50 21-2 3-2 85 “a 
50 16-5 5: 65 
50 20-5 4-6 78 Liver A 
50 22-8 3-4 85 Liver B 
50 22-5 0-5 98 Crude liver 
50 11-8 3°8 68 Kidney 
50 21-2 6-5 70 si 
50 17-0 5-7 67 Crude kidney 
Mucic acid 75 30-2 23-6 22 Liver 
p-Gluconic acid 150 37-4 28-8 23 ie 
p-Glucurone* 300 40-0 0 100 ss 
150 35-3 12-1 66 - 
38 55-2 32-4 41 ig 
10 55-2 45-2 18 - 
3-3 55-2 51-2 7 : 
L-Malic acid 150 23-7 14-9 37 - 
pDL-Malic acid 300 32-9 18-6 44 os 
150 30-2 23-5 22 es 
Phlorrhizint 3 16-3 13-6 17 os 
1-5 16-3 16-8 i z 
Vanillint 7-5 39-4 28-8 27 ss 


* Interferes in colour reaction for phenol. Results are corrected for interference. 
+ The naturally occurring isomer, commonly called laevorotatory malic acid. 
{ Gives colour with phenol reagent. Results are corrected for this colour. 
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0-1 m-citrate buffer, 0-1 ml. 0-12M-phenylglucuronide, 0-1 ml. 
inhibitor solution. In controls, water was substituted for the 
inhibitor solution. Buffer, substrate and inhibitor solutions 
were, as a rule, adjusted to pH 5-2 (glass electrode). In 
experiments in which the two glucuronidase fractions in 
mouse liver were separated (Kerr, Campbell & Levvy, 1949; 
Mills, 1948), however, hydrolysis with fraction A was carried 
out at pH 4-5 instead of 5-2. Occasionally, preliminary 
purification of the enzyme was omitted, and the crude liver 
or kidney homogenate was used for hydrolysis. Results are 
expressed as yg. of phenol liberated in 1 hr. at 37°. 
Measurement of glucuronide synthesis. The conjugation of 
o-aminophenol with glucuronic acid was followed by the 
method of Levvy & Storey (1949). After removal of protein 
with a mixture of trichloroacetic acid and phosphate buffer, 
the glucuronide was diazotized and coupled with naph- 
thylethylenediamine. At the pH selected for colour develop- 
ment, free o-aminophenol in comparatively large amounts 
did not interfere. To measure the synthetic activity of 
mouse-liver slices, they were shaken in sulphate-free bi- 
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a fall in the activity of the enzyme are listed in 
Table 1. The most effective was D-glucosaccharic 
acid, and Fig. 1 shows the percentage inhibition 
produced by varying concentrations of this com- 
pound in three experiments with liver glucuronidase. 
It can be seen that 50 % inhibition was obtained with 
2x 10-4 m-saccharate, and practically complete in- 
hibition with less than 10-? m (substrate concentra- - 
tion 0-015M). From results given in Table 1, it 
appears that the inhibitory action of saccharate was 
independent of the following factors: the source of 
the enzyme, the activity of the preparation, the 
glucuronidase fraction present, and the degree of 
purity of the preparation. 

Of other compounds listed in Table 1, three were 
closely related to saccharic acid (mucic, gluconic and 
glucuronic acids), but were much less efficient as 
inhibitors of f-glucuronidase. Glucuronic acid 
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Fig. 1. Effect of varying concentrations of saccharic acid on the hydrolysis of phenylglucuronide (0-015) 
by mouse-liver glucuronidase (results for three separate experiments shown by O, @ and x). 


carbonate Ringer solution, containing 0-02 M-lactate, 
0-001 m-ascorbic acid and 0-0025% o-aminophenol, at 37° 
for 1 hr. in an atmosphere of 5% CO, in O,. Results are 
expressed as yg. 0-aminophenol conjugated/g. dry wt. of 
tissue in 1 hr. 


Inhibition of B-glucuronidase in vitro 


Nearly fifty substances were examined for their 
effect on B-glucuronidase in vitro. Those which caused 


(D-glucurone) interfered in the determination of 
phenol liberated from phenylglucuronide. In the 
absence of phenol, glucuronic acid was without effect 
on the Folin-Ciocalteu reagent, but in the presence of 
phenol it apparently gave the colour reaction. This 
effect was independent of the phenol concentration. 
The figures shown in Table 1 for the inhibitory action 
of glucuronic acid.on glucuronidase have been 
corrected for interference in the colour reaction, and 
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are considered reliable. Correction of the hydrolysis 
figures was also necessary in the case of phlorrhizin 
and vanillin which gave the colour reaction directly. 
After correction, the results suggested that both 
compounds slightly inhibited B-glucuronidase. L- 
Malic acid in high concentration had an inhibitory 
action on the enzyme which entirely accounted for 
the effects produced by the racemic acid. A com- 
parative study of the tartaric acids might provide 
interesting information regarding configurational 
requirements for glucuronidase inhibition. Un- 
fortunately, only L-tartaric acid* was available, and 
this had no effect on the enzyme (see below). 


The following substances had no apparent effect on the 
hydrolysis of phenylglucuronide by §-glucuronidase in the 
concentrations shown: f-phenyl-p-glucoside (0-015 m), 
a-methyl-p-glucoside (0-015 Mm), «-methyl-p-mannoside 
(0-003M), B-methyl-p-glucoheptoside (0-003M), B-methyl-p- 
xyloside (0-003M), «-methyl-p-galactoside (0-003M), gum 
arabic (0-15 %), degraded egg-plum gum (0-05 %), pyromucic 
acid (0-015M), sorbic acid (0-02M), oxalic acid (0-015m), 
malonic acid (0-015), succinic acid (0-015mM), glutaric acid 
(0-015m), maleic acid (0-015m), L-tartaric acid (0-015mM), 
valericacid (0-015M), ouabain (0-0015m), digitonin (0-0015™), 
urethane (0-015M), phenylurethane (0-015M), nitroso-N- 
methylurethane (0-015M), heparin (6-6 Toronto units/ml.), 
sulphapyridine (0-00015M), inositol (0-015M), piperonal 
(0-015m), m-hexyl alcohol (0-015m), N N-di-(2-chloro- 
ethyl)-aniline (0-02M), 2’-methyl-4-dimethylaminostilbene 
(0-01m), NaF (0-015m), Na,SO, (0-03). 

The following compounds gave colours with the phenol 
reagent, but, when correction was made for this, they were 
apparently without effect on f-glucuronidase in the con- 
centrations shown: salicin (0-015M), thiourea (0-0015m), 
eserine (0-0001M), ascorbic acid (0-00075m), oestrone 
(0-0005 mM), colchicine (0-0001 m). 

The following compounds interfered too badly in the 
colour reaction to be tested with 8-glucuronidase: sodium 
azide, w-bromoacetophenone, phenylarsenoxide, ethyl cyano- 
acetate, ethane-] :2-dithiol. . 


The action of saccharic acid on B-glucuronidase 


From its similarity in structure to glucuronic acid, 
one would expect saccharic acid to act competitively 
in inhibiting glucuronidase. That the inhibition was 
reversible was shown by precipitating the enzyme 
from 0-03 M-saccharate solution with an equal volume 
of saturated (NH,),SO, solution. After one precipita- 
tion, the activity was 70% of that shown by a control 
sample of the enzyme. After dissolving in water and 
reprecipitating, the activity was as great as in the 
control. 

The normal substrate-activity curve for the 
hydrolysis of phenylglucuronide by mouse-liver 
glucuronidase has been studied by Kerr e¢ al. (1948; 
see also Kerr et. al. 1949). An approximate value 
of 0-0035 m was obtained for K,,, the concentration 

* The naturally occurring isomer, commonly called 
dextrorotatory tartaric acid. 
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giving half the maximum velocity of hydrolysis. The 
maximum was usually reached with 0-015M-sub- 
strate. Inhibition by excess substrate was pro- 
nounced. 

Fig. 2 shows the effect of increasing the concentra- 
tion of phenylglucuronide on its initial rate of 
hydrolysis in presence of 2x 10-4m-saccharate. 
Results are expressed in terms of the relative activity, 
where hydrolysis of 0-015m-phenylglucuronide in 
absence of inhibitor is taken as unity. The points 
show averages for two representative experiments, 
one with liver glucuronidase fraction A and the other 
with fraction B. There was no appreciable difference 
in the results for the two fractions. It is clear that 


Relative activity 





0 00025 0005 001 002 004 008 
Phenylglucuronide concentration (m) 


Fig. 2. Effect of varying concentrations of phenylglucuronide 
on its hydrolysis by mouse-liver glucuronidase in presence 
of 2 x 10-4m-saccharate (@ @). Results expressed as 
fractions of the maximum activity observed in absence 
of inhibitor. Substrate-activity curve in absence of 
inhibitor (Kerr et al. 1948) shown by broken line. 





saccharate acted competitively since the effect de- 
creased with increasing substrate concentration till 
at 0-08m-phenylglucuronide the activity of the 
enzyme was fully restored. 

From Figs. 1 and 2, it can be seen that, in presence 
of a saccharate concentration [I] of 2 x 10-*M, half 
the maximum enzyme activity was reached with 
asubstrate concentration of 0-015. The latter figure 
can be designated K;,, and K;, the dissociation 
constant of the enzyme-inhibitor complex, can be 
calculated from the equation K;=[1]. K,,/(K;, -—K,,) 
(Lineweaver & Burk, 1934). Using the value for K,, 
given by Kerr et al. (1948), K;=6 x 10-5m. It should 
be stressed that, presumably owing to the presence of 
impurities, K,, can vary from enzyme preparation 
to preparation by as much as 50% in absence 
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of added inhibitor. This is associated with 
variations in the substrate concentrations at which 
maximum activity is reached and inhibition by 
excess substrate becomes marked. The value for K; 
is not materially altered since K/, varies with K,,. 
Attempts to determine K; by the method of Hunter 
& Downs (1945), in which knowledge of K,, is not 
required, were unsuccessful. 


The effect of saccharic acid on glucuronide 
synthesis by mouse-liver slices 


Table 2 shows the effect of saccharic acid in 
varying concentration on the formation of 0-amino- 
phenylglucuronide by mouse-liver slices. Each figure 
is an average for a determination done in quadru- 
plicate, as recommended by Levvy & Storey (1949). 
These authors found the standard deviation of a 
single observation from the mean to amount to 17 % 


Table 2. Action of dicarboxylic acids on 
glucuronide synthesis by mouse-liver slices 


o-Amino- 
phenol con- Difference 
jugated/g. from 
Exp. Concentration dry wt. control 
no. Compound (10-4m) (ug.) %) 
1 Control —-* 210 
Saccharate 8 190 -10 
2 Control — 200 
Saccharate 8 170 -15 
3 Control — 460 Z 
Saccharate 50 500 + 9 
4 Control — 390 
Saccharate 50 300 — 23 
5 Control _ 520 
Saccharate 50 540 -13 
Saccharate 100 540 -13 
6 Control — 840 
Saccharate 100 580 -31 
Saccharate 170 550 — 34 
7 Control —- 340 
Saccharate 100 270 — 20 
Maleate 100 270 —20 
8 Control _- 780 
Saccharate 100 720 -8 
Succinate 100 660 -15 


in their procedure. The standard error for a figure 
based on four results is thus 10%. Differences in 
synthetic activity between saccharate-treated slices 
and control slices from the same animal approached 
significance in only one experiment (no. 6). Taking 
the results as a whole, however, synthesis in presence 
of saccharate tended to be slightly less than in its 
absence. This effect was non-specific since it was also 
seen in experiments with succinic and maleic acids. 
These acids have no action on £-glucuronidase (see 
p- 601). All three dicarboxylic acids studied were 
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added as solutions brought to neutrality with 
potassium hydroxide (glass electrode). 

Experiments were done to show that saccharic 
acid can inhibit hydrolysis of o-aminophenyl- 
glucuronide by f-glucuronidase. The final substrate 
concentration was arbitrarily fixed at 0-13 % and the 
pH at 4-5 (citrate buffer). After 2 hr. incubation at 
38° with mouse-liver glucuronidase, 11 % hydrolysis 
of the glucuronide was observed in absence of 
saccharate. In presence of 10-*m-saccharate, the 
hydrolysis was 0-7%. When the experiment was 
repeated with another enzyme preparation, the 
hydrolysis in absence of saccharate was 17 % and in 
its presence 3-6 %,. 


Penetration of saccharic acid into the cell 


Attempts were made to show inhibition of 
B-glucuronidase in the intact cell by saccharic acid. 
In the first experiment, mouse-liver slices of known 
weight from two animals were shaken in sulphate- 
free bicarbonate Ringer solution containing 0-01m- 
saccharate for 90 min. at 37°. At the end of this 
period, the slices were removed, washed in three 
changes of distilled water, and homogenized. Inactive 
protein was precipitated by incubation of the homo- 
genate for 30min. at pH 5-2. Without further 
purification, the supernatant was examined for 
B-glucuronidase activity. The activity in terms of 
pg. phenol liberated at 37° in 1 hr. by 1 g. liver was 
220, compared with 334 for control slices from the 
same two animals put through the procedure in 
absence of saccharate. Unless saccharate was 
strongly adsorbed on the surface of the slices, it 
would appear that an appreciable amount penetrated 
the cells. On the assumption that the saccharate 
concentration within the slices rose to 0-01m, the 
inhibition expected was of the order of 75%. 

In other experiments, the enzyme preparation in 
the incubation mixture used in the assay of glucuroni- 
dase activity was replaced by mouse-liver slices of 
known weight. The results had little quantitative 
value as the ‘enzyme blank’ was variable and high, 
but they suggested that some hydrolysis of phenyl- 
glucuronide took place and that this process was 
strongly inhibited by 0-015M-saccharate. 


The effect of saccharate on the oxygen uptake and 
anaerobic glycolysis of mouse-liver slices 


Saccharate in a concentration of 0-014m had no 
effect either on the oxygen uptake or on the anaerobic 
glycolysis of mouse-liver slices as measured in the 
Warburg apparatus. The Ringer solutions of Krebs 
& Henseleit (1932) were used, the O, consumption 
being determined in phosphate Ringer and an atmo- 
sphere of O,, and the CO,, output in bicarbonate 
Ringer and an atmosphere of 5% CO, in Ng. 





. 
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The action of saccharic acid on growth 
processes in the mouse 


A compound that inhibits 8-glucuronidase in vitro 
can be hardly expected to arrest whatever mechanism 
is responsible for the increase in the activity of the 
enzyme normally observed in vivo when a tissue is 
stimulated to rapid growth. If, however, glucuroni- 
dase plays an essential part at some stage in the 
growth process, administration of an inhibitor might 
modify the process at that stage. This possibility was 
examined with saccharic acid. When large doses 
were administered to mice, saccharic acid was 
apparently without effect on liver regeneration 
following damage and on growth in infant mice. 
Figures for glucuronidase activity, the weights of 
single organs or of the whole animal, and the histo- 
logical picture were invariably identical with those 
observed in appropriate controls. It should be 
pointed out that during the preparation of the 
enzyme for assay it would be freed from any saccharic 
acid which might have been present in the original 
tissue. 

Saccharic acid given at frequent intervals by sub- 
cutaneous injection of neutralized solutions of the 
potassium hydrogen salt in doses totalling up to 
5 g./kg. daily for periods up to 8 days had no action 
on liver repair after administration of CCl, or partial 
hepatectomy (Levvy et al. 1948). It failed to modify 
the increase in uterine weight and glucuronidase 
activity observed in ovariectomized mice during liver 
regeneration (Kerr et. al. 1949). In infant mice, 
intraperitoneal injection of 2 g. saccharic acid/kg. 
daily or the addition of 3% potassium hydrogen 
saccharate to the solid diet had no effect on normal 
growth after as long as 3 weeks. 


Attempted synthesis of o-aminophenyl- 
glucuronide by B-glucuronidase 


Florkin, Crismer, Duchateau & Houet (1942) claim 
to have demonstrated conjugation. of borneol 
(saturated solution) with glucuronic acid (0-01M) in 
presence of ox-spleen glucuronidase. At the end of 
the incubation period, free glucuronic acid was 
removed with copper sulphate and calcium hydroxide 
and glucuronic acid in combination was estimated 
by the Tollens colour reaction. Only a small fraction 
of the total glucuronic acid present was in the com- 
bined form, even after incubation for several days. 

The use of o-aminophenol as the aglycone in 
demonstrating glucuronide synthesis (Levvy & 
Storey, 1949) has the advantage that in the final 
reaction traces of the conjugate give a pink colour 
which is never seen in controls. No formation of 


o-aminophenylglucuronide was detected in experi- 
ments in which the free phenol was incubated with 
glucuronic acid in the presence of concentrated 
preparations of mouse liver glucuronidase. 
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p-Glucurone was present in final concentrations varying 
from 0-4 to 0-0125M in 0-05M-citrate buffer at pH 5-2, or 
0-05M-phosphate buffer at pH 7-4, containing 0-0025% 
o-aminophenol, 0-001 M-ascorbic acid, and the enzyme. The 
mixture was shaken for periods of 2 and 22 hr. at 37°. In the 
longer-term experiments, the incubation flasks were filled 
with N, to prevent oxidation of the free phenol. 


When liver slices were replaced in the procedure 
of Levvy & Storey (1949) by crude liver homogenate, 
no glucuronide synthesis was detected. 


DISCUSSION 


Considerable difficulties were encountered in deter- 
mining K;, the dissociation constant for the inhibitor- 
enzyme complex, in the case of saccharic acid and 
B-glucuronidase, but it is considered that the value 
of 6 x 10-> finally arrived at is at least as reliable 
as values quoted for K,,, the dissociation constant 
of the substrate-enzyme complex, in the hydrolysis 
of biosynthetic glucuronides by glucuronidase. 
Figures available for K,, are as follows: phenyl- 
glucuronide, 0-0035m (Kerr et al. 1948); bornyl- 
glucuronide, 0-01M, “methylglucuronide, 0-004M, 
and oestriolglucuronide, 0-0005m (Fishman, 1939); 
phenolphthaleinglucuronide, 0-00005mM (Talalay, 
Fishman & Huggins, 1946). Saccharic acid has a 
higher affinity for glucuronidase than all except one 
of these glucuronides. Changing the carboxy] at C,., 
in saccharic acid to a primary alcohol group to give 
gluconic acid, or changing the configuration to give 
mucic acid, resulted in considerable diminution of 
the inhibitory power. The effect of glucuronic acid 
on the hydrolysis of phenylglucuronide by the 
enzyme may have been inhibition in the usual sense 
or a mass action effect. Hydrolysis of a glucuronide 
by glucuronidase is known to result in formation of 
free glucuronic acid (Levvy, 1948). 

The failure of saccharic acid in large doses to 
modify liver regeneration after damage, or growth 
in infant mice may indicate that the enzyme is not 
directly concerned in cell division, but the results are 
capable of explanation in other ways. Saccharic acid 
may be too rapidly metabolized or excreted to pro- 
duce any perceptible changes in vivo. Alternatively, 
normal cell division may involve hydrolysis of a 
naturally occurring glucuronide with a much greater 
affinity for the enzyme than that of saccharic acid. 
Experiments designed to exclude the possibility that 
saccharic acid does not penetrate the intact cell were 
unsatisfactory on technical grounds, but the results, 
for what they were worth, suggested that penetration 
did occur. Preliminary results obtained by Dr J. G. 
Campbell (private communication) suggest that 
saccharic acid considerably retards hydrolysis of the 
glucuronide of ‘1-ortho-hydroxyphenylazo-2-naph- 
thol’ by frozen mouse kidney sections in the histo- 
chemical test of Friedenwald & Becker (1948). 
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As a result of the work of Levvy et al. (1948), it is 
no longer necessary to postulate a synthetic role for 
B-glucuronidase in the body (Fishman, 1940) in order 
to explain the changes in the activity of the enzyme 
which can be produced in various organs. The view 
that 8-glucuronidase is not involved in glucuronide 
synthesis (Levvy, 1948) receives support from the 
failure of saccharic acid to influence formation of 
o-aminophenylglucuronide by mouse-liver slices, and 
of £-glucuronidase preparations to effect condensa- 
tion of glucuronic acid with o-aminophenol. 

Certain sex hormones are known to be excreted as 
glucuronides. The effect of administering saccharic 
acid on the metabolism of these compounds might 
repay investigation. 


SUMMARY 


1. Hydrolysis of phenylglucuronide by B-glucuro- 
nidase was strongly inhibited by saccharic acid. 
Closely related compounds were much less effective. 


M. C. KARUNAIRATNAM AND G. A. LEVVY 


Inhibition by saccharic acid was competitive, and 
a value of 6 x 10-5m was obtained for K;, the dis- 
sociation constant of the enzyme-inhibitor complex. 

2. Saccharic acid had no marked effect on 
synthesis of o-aminophenylglucuronide by mouse- 
liver slices. 

3. Administration of large doses of saccharic acid 
to mice did not influence liver regeneration after 
damage or growth in infant animals. 

4. No conjugation of o-aminophenol with glucu- 
ronic acid was observed after incubation in the 
presence of £-glucuronidase. 


The authors are indebted to the following for the supply 
of substances for test as possible inhibitors of glucuronidase: 
Prof. E. L. Hirst, F.R.S., Prof. G. A. R. Kon, F.R.S., 
Dr E. G. V. Percival and Dr J. Madinaveitia. Thanks are also 
due to Miss L. M. H. Kerr for assistance with certain of the 
animal experiments, to Dr J. G. Campbell for histological 
examination of organs and to Mr D. Love for technical 


assistance. 
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The Metabolism of Chrysene: the Isolation of 3-Methoxychrysene by 
Methylation of the Phenolic Metabolite of Chrysene from Rat Faeces* 


By I. BERENBLUM anp R. SCHOENTAL 
Oxford University Research Centre of the British Empire Cancer Campaign, 
Sir William Dunn School of Pathology, University of Oxford 


(Received 19 November 1948) 


Attention has been drawn to the fact that in mice and 
rats there is aremarkable similarity in the position of 
metabolic oxidation in the molecule for the three 
hydrocarbons 1:2-benzanthracene, 1:2:5:6-di- 
benzanthracene and 3:4-benzpyrene (Berenblum 
& Schoental, 1943). It was pointed out that these 
positions are not the ones which are chemically the 
most reactive. A preliminary report by Dickens 
(1945), that 9:10-dimethyl-1:2-benzanthracene is 
metabolized into its 4’-hydroxy derivative, brings 


* A preliminary report on this work was communicated 
to the Biochemical Society (Biochem. J. 1945, 39, Ixiv). 


this hydrocarbon into line with those mentioned 
above, and provides additional support for the 
similarity in metabolic pattern. 

It was thought that useful information might be 
derived from a study of the metabolism of chrysene, 
in which the anthracenoid ring structure is lacking. 
The following investigation was, therefore, under- 
taken. 

EXPERIMENTAL 


The procedure adopted was essentially the same as that used 
by the authors in their previous metabolic studies. Thirty 
rats were injected intraperitoneally with 2 ml. of a warm, 
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supersaturated solution of purified chrysene (m.p. 251-252°) 
in arachis oil, representing about 25 mg./rat. The animals 
were kept in metabolism cages permitting the separate 
collection of urine and faeces. Their diet consisted mainly 
of rat cakes (North-Eastern Agrivultural Co-operative 
Society Ltd., Aberdeen), supplemented occasionally with 
wholemeal bread and cod-liver oil, and water ad lib. 

Isolation. The faeces were collected daily, dried in air, 
ground to a fine powder, and extracted with benzene by 
percolation at room temperature. The benzene extracts were 
shaken with dry ‘precipitated pure silica’ (British Drug 
Houses Ltd.) in order to remove a fluorescent, strongly 
adsorbable material (? a conjugated metabolite), and the 
solution, after filtration, was passed through columns of 
alumina for chromatographic separation. On developing the 
columns with benzene, three main zones could be dis- 
tinguished: 

A (at the top of the column). A strongly adsorbed zone, 
greyish in ordinary light, with a weak violet fluorescence in 
ultraviolet light. (This. contained some of the fluorescent 
material mentioned above, most of which had been adsorbed 
on the silica.) 

B (appearing below A). A narrow brownish zone, with 
a bluish fluorescence in ultraviolet light. (This contained 
the phenolic metabolite.) 

C (appearing below B). A wide zone exhibiting a weak 
greenish fluorescence in ultraviolet light. (This zone con- 
tained the bulk of the sterols present in the extract.) 

Zone B was cut and extracted with methanol. The extract 
was concentrated under reduced pressure, methylated by 
treatment with dimethyl sulphate and sodium methoxide in 
the cold, and extracted with benzene in the usual manner. 
The methylated product was purified by repeated chromato- 
graphic adsorption from light-petroleum solution, the 
fluorescent zone being extracted by benzene after cutting 
up the column each time. On concentration, the final eluate 
deposited a crystalline substance. This was recrystallized 
from light petroleum, and yielded colourless, fluorescent 
leaflets, m.p. 185-186°. It furmed a complex with 2: 7-dinitro- 
anthraquinone in xylene, which crystallized in fine crimson 
needles, m.p. 282—284°. 

Identification. For reference, the six isomeric mono- 
methoxychrysenes were synthesized, and their 2:7-dinitro- 
anthraquinone complexes prepared, by one of us (R. 8.) in 
collaboration with Prof. J. W. Cook, F.R.S. (Cook & 
Schoental, 1945). 

The properties of the methylated metabolite were found 
to correspond closely to those of 3-methoxychrysene as 
regards the colour and crystal form of the compounds and 
their respective complexes; the melting points of the com- 
plexes agreed closely, but the value for the methylated 
metabolite itself (185-186°) was higher than that quoted 
previously (Cook & Schoental, 1945) for 3-methoxychrysene 
(167-168°). Therefore, a synthetic specimen of 3-methoxy- 
chrysene was further purified (at the suggestion of Prof. 
Cook) by regeneration from the complex with 2:7-dinitro- 
anthraquinone by chromatography, and it had a melting 
point of 185-186°. The identity of the methylated meta- 
bolite with 3-methoxychrysene was confirmed by lack of 
depression of the melting points of mixtures of the two com- 
pounds, as well as of their dinitroanthraquinone complexes. 

In our earlier metabolic studies on 3:4-benzpyrene 
(Berenblum, Crowfoot,. Holiday & Schoental, 1943) and 
1:2-benzanthracene (Berenblum & Schoental, 1943), the 
amounts of metabolite were often so small as to preclude 
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the possibility of obtaining them in pure enough form for 
melting-point determinations, and reliance had to be placed 
on fluorescence and ultraviolet absorption spectrography, 
and on other micromethods of identification. In the present 
investigation these methods also proved useful, especially in 
the early stages, before the methylated metabolite was 
available in crystalline form, when comparison of its 
fluorescence spectrum with those of the synthetic methoxy- 
chrysenes gave an early indication of the position of 
substitution. 


Table 1. Positions of fluorescence spectral bands of 
chrysene, methylated metabolite of chrysene, and the 
six isomeric monomethoxychrysenes 


Wavelengths of 
main bands (my.) 


(366), 382, 404 
368, 386, 408 
368, 386, 408 
369, 387, 410 
369, 389, 412 
371, 389, 412 
373, 391, 415 
374, 393, 418 


Chrysene 

Methylated metabolite 
3-Methoxychrysene 
4-Methoxychrysene 
2-Methoxychrysene 
6-Methoxychrysene 
5-Methoxychrysene 
1-Methoxychrysene 


For greater accuracy of measurement of the fluorescence 
bands, a method was employed for obtaining ‘ peak’ photo- 
graphs (in place of the semi-quantitative representations 
used in our previous publications), by incorporating a 
‘moving wedge’ behind the slit of the spectrograph. Details 
of the method, and reproductions of the fluorescence spectra 
of the six isomeric methoxychrysenes are given elsewhere 
(Berenblum & Schoental, 1946a): in Table 1 are given the 
positions of the main bands. The distinct differences between 
the spectra of the different isomers give an indication of the 
relative specificity of fluorescence spectrography for this 
class of compounds. The fact that the spectrum of the 
methylated metabolite was indistinguishable from that of 
3-methoxychrysene confirmed their identity. 

A study of the ultraviolet absorption spectra of this series 
of compounds was undertaken by Holiday & Jope (un- 
published results). They found very distinct differences in 
the absorption spectra of the six isomeric methoxychrysenes, 
and reported that the spectrum of the methylated metabolite 
wasidentical with that of 3-methoxychrysene, thus providing 
further confirmation of their identity. 


DISCUSSION 


Since the methylated metabolite of chrysene has now 
been identified as 3-methoxychrysene, and since the 
metabolite itself possesses the properties of a phenol, 
it may be concluded that the chrysene metabolite 
present in the rat faeces is 3-chrysenol. 

This result is in keeping with the principle, pre- 
viously noted in connexion with other polycyclic 
hydrocarbons (Boyland & Levi, 1935; Berenblum 
& Schoental, 1943) that metabolic oxidation does not 
occur in the positions of the molecule which are 
chemically the most reactive, i.e. the 2-position in 
the case of chrysene (Newman & Cathcart, 1940). 

In comparing the structural formula of the rat 
metabolite of chrysene (I or IL) with those of 1:2- 
benzanthracene (III), 1:2:5:6-dibenzanthracene 
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(IV), and 3:4-benzpyrene (V and VI), a similarity 
in pattern of metabolic oxidation is clearly dis- 
cernible. It would seem, at first sight, that this 


go oF 


3-Chrysenol (11) 


<— 


(II) (IV) 


4’-Hydroxy-1:2- 4’:8’-Dihydroxy- 
benzanthracene 1:2:5:6-dibenzanthracene 


(VI) 
8- ieee 10-Benzpyrenol 


similarity is dependent on the manner of presenta- 
tion, i.e. that formula I corresponds to 8-benzpyrenol, 
and formula II to 10-benzypyrenol. In fact, the 
feature common to them all is that the sites of 
metabolic oxidation are all in the alpha position to 
the phenanthrenoid 9:10 double bonds, and, since 
benzpyrene has two such double bonds (1:2 and 


I. BERENBLUM AND R. SCHOENTAL 1949 


6:7), there are two corresponding alpha positions of 
metabolic oxidation (Berenblum & Schoental, 19465). 

An indication of the chemical mechanism of meta- 
bolic oxidation is given by the finding by Boyland 
& Levi (1935) that animals fed on anthracene excrete 
1: 2-dihydroxydihydroanthracene, and that this pro- 
duct readily undergoes conversion into 1-anthranol 
by mild acid treatment. Similar conversions of 
hydrocarbons to diols in the animal body have been 
observed in the case of naphthalene and phenan- 
threne (Young, 1947; Booth & Boyland, 1947; 
Boyland & Woolf, 1948). It thus seems a plausible 
hypothesis (Fieser, 1941) that a dihydroxydihydro- 
derivative might constitute an intermediate stage in 
the metabolic conversion of other hydrocarbons 
into their respective phenols. 

The results with chrysene, described in the present 
communication, are not inconsistent with this view. 
However, this would not explain why the supposed 
‘perhydroxylation’ does not take place in the re- 
active, adjacent, 1- and 2-positions (which so readily 
yield to oxidation ; see Bamberger & Burgdorf, 1890), 
unless these positions are already blocked by some 
group, possibly enzymes, in the process of meta- 
bolism. 


SUMMARY 


After intraperitoneal injection of chrysene into rats, 
a phenolic fraction was isolated from their faeces. 
The isolated product yielded on methylation a com- 
pound identified as 3-methoxychrysene, indicating 
that the phenolic metabolite was 3-chrysenol. 


We wish to thank Mr H. W. Wheal for valuable technical . 


assistance. 
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Bile Acid Enteroliths; with an Account of a Recent Case 


By F. 8. FOWWEATHER, Department of Chemical Pathology, University of Leeds 


(Received 4 December 1948) 


Enteroliths consisting mainly of choleic acid have 
been reported on at least ten previous occasions, the 
first by Morner & Sjéqvist (1908; quoted by Mérner, 
1923). Moérner (1939) gives a list of cases known to 
him up to that time. The only case reported from this 
country is the one described by Raper (1921), the 
remainder having been found in Sweden. Chitre 
& Puradare (1944) described an enterolith weighing 
185-5 g. removed from a Hindu woman, which was 
said to contain over 70 % of glycocholic acid, but no 
details of the analysis nor physical constants of the 
bile acid were given. 

On 21 March 1948, Mr G. Armitage, Honorary 
Surgeon to the Leeds General Infirmary, removed 
two stones from the intestine of a woman aged 73, 
and submitted them to me for analysis. One of the 
stones was found in a duodenal diverticulum, and the 
other lower down the small intestine; it was thought 
that this too had been formed in a diverticulum, but 
later escaped from it and gave rise to the symptoms 
of intestinal obstruction which were the outstanding 
clinical features of the case. A more complete account 
of the clinical and radiological aspects of the case will 
be published elsewhere (Armitage, Fowweather & 
Johnstone, 1949). 

The stones were yellowish brown, of irregular 
shape, with a roughness similar to that of the skin of 
an orange. The smaller stone weighed 26 g. with an 
overall length of 41 mm. and overall width of 21 mm. 
On sawing into halves, it was seen that there was 
a central zone, rectangular in section, measuring 
19 x 7 mm. of a much darker colour than the rest; 
the demarcation line between central and outer zones 
was not very sharp. The larger stone weighed 29-5 g., 
had overall dimensions of 47 and 45mm. and a 
darker central zone, oval in section, measuring 
30 x 20 mm. 


EXPERIMENTAL 


Analysis was begun on the outer zone of the smaller stone; 
the inner zone appeared to differ from it only quantitatively. 
Later the larger stone was examined; the whole of one half 
was ground up.and analyzed, and the central zone of the 
other half analyzed separately. At the centre of the larger 
stone was a thin irregular piece of vegetable material 
measuring 20 x5 mm., thought to be a portion of a fruit 
skin: nothing of this kind was found within the smaller stone. 

Cholesterol was tested for by the Liebermann-Burchard 
reaction, which was found to be negative. The Pettenkofer 
reaction, however, was strongly positive. The material con- 


tained only a very small amount of mineral matter, was 
soluble in hot ethanol, and readily soluble in alkali, giving 
a solution which frothed readily, the froth persisting for 
some time. It did not melt at 100°. It was evident that the 
stone consisted largely of bile acid. 

Lipids were removed from a weighed quantity of dry, 
powdered material by extraction in a Soxhlet with light 
petroleum. The residue was extracted with ethanol and the 
extract evaporated to dryness. 


RESULTS 


The following figures were obtained : 


A.Smaller B.Larger C. Larger 
stone, outer stone, whole stone, 
of one half inner zone 


zone 
Water 1-80 0-56 0-20 
Ash 0-40 0-34 0-30 
Free fatty acids 1-85 2-04 13-29 
Neutral fat 0-30 0-44 4-91 
Ethanol extract 92-20 92-71 74-05 
(mainly bile acid) 
Food residues, ete. 3°45 2-91 7-25 
(by difference) 
100-00 100-00 100-00 


The ethanol extract contained a small amount of 
bile pigment. 

The dried ethanol extracts were redissolved in 
ethanol and titrated with 0-1N-NaOH, using 
phenolphthalein as indicator, showing the equivalent 
weights to be: A, 379-5; B, 382-8; C, 386-2. A further 
portion of the petroleum-extracted material was 
dissolved in ethanol, treated with animal charcoal 
and filtered. The filtrate was evaporated to small 
bulk, from which most of the dissolved material 
crystallized out. The crystals were filtered off, washed 
with ethanol and dried in a vacuum desiccator. The 
resulting product was entirely colourless and had the 
following characteristics : 


A B Cc 
Melting point 185-186 = 185-186 186-187° 
Equiv. wt. 378-8 377-4 382-1 
[a)5" +48-7° +47-5° Not 


determined 


Wieland & Sorge (1916) gave the melting point of 
choleic acid as 186—188°, and its optical rotation as 
+48-47°. Raper (1921) found for the recrystallized 
ethanol extract from his stone a melting point of 
186-5-187-5° and optical rotation of + 50-52°; the 
latter figure is higher than most other recorded 
figures; he stated that the molecular weight of his 
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product, determined by titration with 0-1 n-NaOH, 
was 384-9. The choleic acids normally encountered 
are complexes containing eight molecules of de- 
oxycholic acid and one molecule of a higher fatty 
acid. Wieland & Sorge (1916) consider that natural 
choleic acid contains both palmitic and stearic acids. 
The equivalent weights of the palmitic and stearic 
complexes are 376-9 and 380 respectively. 

The similarity in appearance and behaviour, as 
well as in physical constants, of the ethanol extracts 
from the materials A, B and C indicated a close 
similarity in composition. Moreover, the evidence 
obtained indicated that the extracts consisted 
largely of natural choleic acid, and the crystalline 
products obtained from them showed a high degree 
of purity. This was confirmed by a determination of 
the deoxycholic acid content of one of them by the 
method of Kawaguchi (1938). It showed a value of 
92-3 %, while the average figure for the deoxycholic 
acid content of natural choleic acid obtained by 
Wieland & Sorge (1916) was 91-8 % 

In the cases already reported, it has been shown 
that choleic acid was the principal constituent of the 
ethanol extract of the stones examined, but little or 
no information has been given as to the nature and 
quantity of other substances present. In the present 
case attempts were made to obtain more precise 
information on this point. Bilirubin was certainly 
present in small amount, sufficient to give a definite 
yellow colour to the ethanol extracts. That some 
other material was also present was indicated by the 
fact that the mother liquor and washings after 
separation of the crystalline products from de- 
colorized extracts of A, Band C, when added together 
and concentrated, yielded a crystalline product of 
melting point 180—-182°, i.e. about 5° below the 
melting point of pure choleic acid. Experiments 
were therefore made on the whole of the ethanol 
extract. (Material B was used for the purpose.) 
When submitted to the Gregory & Pascoe (1929) 
reaction the extract gave a definitely positive result. 
This reaction, especially in the more recent modifica- 
tions of Reinhold & Wilson (1932) and Irvin, John- 
ston & Kopala (1944) has been shown to be highly 
specific for cholic acid. Using the last-named method 
the amount of cholic acid in the whole ethanol extract 
was found to be approximately 10%. An almost 
identical result was given by the method of Kawa- 
guchi. 

The molecular weight of cholic acid (C.,H,4)O;) is 
408. Hence admixture of cholic acid with choleic 
acid will cause the equivalent weight to be higher 
than for pure choleic acid, and the equivalent weights 
of the total extracts have, in fact, been shown to be 
higher than for the crystallized products; a mixture 
containing 90% of choleic acid and 10% of cholic 
acid would have an equivalent weight of 382. It is 
unlikely that the conjugated cholic acids, glycocholic 





F. 8. FOWWEATHER 


1949 


and taurocholic acids, are present to any appreciable 
extent, for their molecular weights are 465 and 515 
respectively. Even small amounts would therefore 
have a considerable effect on the equivalent weights. 

It may resonably be accepted, therefore, that the 
total ethanol extract of the stones consisted of bile 
acid together with a small amount of bile pigment, 
and that the bile acid contained approximately 90 % 
of choleic acid and 10% of cholic acid; the con- 
jugated bile acids were not present to any appreciable 
extent. 

In bile much the greater proportion of the bile 
acids is present in the conjugated form, and as salts 
(mostly sodium), while in the enteroliths they are 
present as free acids, and unconjugated. An experi- 
ment to determine the pH at which certain bile acids 
are precipitated from solutions of their sodium salts 
gave the following results: 


pH at which 
Bile acid precipitation occurred 
Choleic acid 7-0 
Cholic acid 58-60 
Glycocholic acid 4-6-4:8 


Josephson (1933) performed somewhat similar 
experiments with a number of bile acids with similar 
results. He found the dissociation constants of de- 
oxycholie acid, cholic acid and glycocholic acid to be 
3-8 x 10-7, 64-6 x 10-7 and 355 x 10-7 respectively ; 
for the tauro acids the constants are higher than for 
the glyco acids. 


DISCUSSION 


True enteroliths of any kind are rare. The ease with 





which many foreign bodies pass through the normal _ 


alimentary canal makes it obvious that for entero- 
liths to form and grow in size some mechanical 
condition must be present which allows the retention 
of concretions within the intestine in their early 
stages. In almost all the reported cases such a 
mechanical condition was noved; in some the stones 
were obviously related to the presence of diverticula, 
in a few to stricture. The presence of foreign bodies 
is also likely to be favourable to stone formation 
since their presence will cause stasis (an important 
factor in stone formation) either in a diverticulum 
or in the lumen of the intestine, and they will also 
act as a nucleus around which solid material may be 
deposited. Helstrém (1936) found a plum stone at 
the centre of a choleic acid enterolith. Raper (1921) 
found tissue resembling fruit skin; similar material 
was found in the larger of the two stones in the 
present case, and Chitre & Puradare (1944) found 
a tamarind seed. 

There must be in addition special conditions which 
determine the formation of bile-acid stones. With 
one exception the reported cases already referred to 
have been choleic acid stones, and the exception, that 
of Chitre & Puradare (1944), is not sufficiently well 
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documented to place the identification of the bile 
acid concerned entirely beyond doubt. This finding 
at first seems surprising since the conjugated bile 
acids are normally present in much greater con- 
centration than choleic acid. McGee & Hastings 
(1942), in experiments on human subjects, found 
that the pH of the upper part of the small intestine 
was between 6-2 and 6-8 except in a‘few isolated 
instances. The experiment already described shows 
that choleic acid is the only one of those examined 
which will be precipitated within this range, and 
thus offers a convincing explanation why choleic 
acid is precipitated in preference to other bile acids. 
It is probable that in some cases the acidity in this 
region exceeds the normal (e.g. where the amount of 
hydrochloric acid discharged from the stomach into 
the duodenum is greater than usual as in conditions 
associated with hyperchlorhydria), and may reach 
a degree of acidity sufficient to cause precipitation 
of cholic acid also, but the attainment of an acidity 
sufficient to precipitate glyco or tauro acids is very 
much less likely. 

The formation of stones within the intestine would 
appear to require the precipitation of the material 
concerned in appreciable quantity, yet it is believed 
that unconjugated bile acids are present in bile in 
quite small amounts. Doubilet (1936) gives some 
results of ‘typical examples’ of differential bile acid 
analysis; these show, in human gall-bladder bile, 
0-890 % of unconjugated acids, out of a total of 
9-751%, and in human fistula bile 0-413 % out of 
a total of 1-717 %. Not all of the unconjugated acids 
is deoxycholic acid, capable of combination with 
the free fatty acid in bile or in the intestine to form 
choleic acid. I have not seen any separate figures 
for unconjugated cholic and deoxycholic acid in bile, 
but it is generally believed that the total cholic 
acid exceeds the total deoxycholic acid. Wieland 
& Reverey (1924), who noted the presence of cheno- 
deoxycholic acid in human bile, gave the proportions 
of cholic:deoxycholic:chenodeoxycholic acid as 
3:1: 1. Doubilet’s (1936) figures for human gall- 
bladder bile show 4-255 % of cholic acid and 5-496 % 
of deoxycholic acid; he makes no mention of cheno- 
deoxycholic acid, but, if any were present, it would be 
included in the figure for deoxycholic acid. (Here it 
may be noted that Nagaki & Ohyama (quoted by 
Saba, 1940) claim that chenodeoxycholic acid is 
often found to predominate in human bile.) Figures 
for deoxycholic acid therefore, in cases in which 
examination for, or determination of, chenode- 
oxycholic acid is not made, may well be too high. 
Chenodeoxycholic acid, like cholic acid, has little 
tendency to form co-ordination compounds (Sobotka, 
1937 a); hence its presence will not result in the forma- 
tion of choleic acid. If, then, the proportion of the 
unconjugated deoxycholic acid in bile bears any 
relation to that of the total deoxycholic acid, the 
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amount of the former (and therefore of choleic acid) 
is normally very small; it is in fact so small as to 
indicate that deposition and retention within the 
intestine, in quantities sufficient to form the entero- 
liths which have been described, is unlikely to occur. 
Raper (1921) suggested that the material first de- 
posited was glycocholeic acid and that glycine was 
subsequently split off from this by bacterial action. 
There are, however, three difficulties in accepting 
this explanation. First, there is not, according to 
Sobotka, any real evidence that the conjugated bile 
acids form choleic acids. Secondly, the evidence 
for cleavage of conjugation in the manner suggested 
is conflicting (for references see Sobotka, 1937 a); and 
lastly the pH required for the deposition of the free 
conjugated acids is definitely lower than that found 
in the intestine. 

There are, however, other and more likely ex- 
planations why in some cases the choleic acid of the 
bile may be higher than is suggested by the figures 
already quoted. In the first place, the number of 
published differential bile acid analyses of human 
bile is small, and they give no indication of the 
variations which might occur normally in the 
amount and proportion of the different acids; in this 
connexion it has also to be remembered that the 
methods of analysis available for this purpose leave 
much to be desired. In the second place, there is 
some evidence that the proportion of conjugated to 
unconjugated bile acid, and of cholic acid to de- 
oxycholic acid, etc., may be altered by disease. The 
liver is presumably the site of conjugation, and an 
increase in unconjugated bile acid has been noted in 
disease of that organ. (For references see Sobotka, 
1937 b.) An increase in the proportion of deoxycholic 
acid to cholic acid has also been noted, mainly in 
pathological conditions, but Sobotka thinks this is 
more likely to be due to a decrease in production of 
cholic acid than an increase of deoxycholic acid. 
Disease of the gall bladder, by altering its capacity 
to absorb various substances from bile, may also 
alter the bile acid composition of this fluid. 

It will be seen, therefore, that the formation of 
choleic acid stones requires the concurrence of a 
number of factors, viz. a mechanical condition 
capable of allowing the retention of precipitated 
acid, bile which contains more deoxycholic acid than 
is usually present, and, also, bile which contains 
a considerable proportion of deoxycholic acid in the 
unconjugated form; whether these bile changes 
represent the extreme of normal variation, or are 
the result of disease cannot be decided on present 
knowledge of the bile acid composition of bile. 
Hyperchlorhydria may be an additional factor. The 
presence of retained indigestible matter in the 
intestine is also of some importance. 

One other fact has not yet been mentioned, namely 
that all the reported cases have occurred in women. 
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Why this should be so is not clear, and can only be 
a matter for speculation. The fact that the production 
of choleic acid enteroliths requires the concurrence 
of a number of factors explains their rarity. Never- 
theless, certain considerations suggest that they may 
not be so rare as the small number of reported cases 
would indicate. Of the ten previously reported cases, 
five have been recorded by one man (Morner, 1939) 
and three by another (Helstrém, 1936). That one 
keen observer should have identified half the known 
cases does seem to show that others must have been 
missed; there is in fact much evidence in the 
literature that some enteroliths have not been 
examined at all, while some have received insufficient 
examination to identify their constituents with 
certainty. Any real knowledge of the incidence of 
bile-acid enteroliths—or indeed of any type of 
enterolith—can only be obtained if all stones found 
in the intestine are submitted to careful chemical 
analysis. 





SUMMARY 


1. Two enteroliths removed from the intestine of 
a@ woman have been analyzed, and it has been shown 
that they contained over 90% of bile acids. Of these 
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acids approximately 90 % was choleic acid, and 10% 
was cholic acid. 

2. The pH at which certain bile acids are pre- 
cipitated from solutions of their salts has been 
determined, and it has been shown that, of the bile 
acids usually present, choleic acid is much the most 
likely one to be precipitated at the reaction normally 
found at the site of formation of these enteroliths. 
This is believed to explain why all the bile acid 
enteroliths so far reported, except one, consist 
mainly of choleic acid. 

3. The factors which might be responsible for the 
formation of choleic acid enteroliths have been dis- 
cussed and some deficiences in our knowledge of the 
bile acid composition of human bile have been 
pointed out. 

4. While bile acid enteroliths are undoubtedly of 
rare occurrence, it is considered that they are 
probably commoner than the number of reported 
cases indicates. This is believed to be due to in- 
sufficient examination of intestinal stones in some 
cases, and lack of any examination in others. Careful 
chemical examination of all intestinal stones is 
recommended. 
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The Bence-Jones Protein of Multiple Myelomatosis: its Methionine 
Content and its Possible Significance in Relation to 
the Aetiology of the Disease 


By C. E. DENT anp G. A. ROSE, Medical Unit, University College Hospital, W.C. 1 


(Received 5 October 1948) 


Few chemical investigations have been made on 
Bence-J ones protein in recent years. Reports on the 
methionine content of the protein are particularly 
scanty since, at the time of the earlier work (Hopkins 
& Savory, 1911; Abderhalden & Rostoski, 1905), this 
amino-acid was unknown. The values reported for 
methionine (Calvery & Freyberg, 1935; Devine, 
1941; Harvier & Rangier, 1943) show considerable 


variation, but agree upon a low figure. As a patient 
with multiple myelomatosis, who was excreting large 
quantities of Bence-Jones protein, had come to our 
notice, it was decided to investigate again the content 
of methionine and other amino-acids. The quantities 
excreted by the patient permitted purity tests on the 
intact protein, and, the use of five independent 
methods for determining the methionine content. 
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It was also hoped that the material might provide 
a source of methionine-free protein in rat feeding 
experiments designed to produce anaemia and 
hepatic necrosis. 

Case summary 


The patient, a man aged 44, was admitted to University 
College Hospital, under Prof. H. P. Himsworth on 3 August 
1946, complaining of weakness, loss of weight and pain in the 
lower ribs on the left side. On examination he appeared pale 
and the pain in the ribs was found to be accentuated by 
direct pressure. The urine on warming gave a heavy curdy 
precipitate at about 60°, which completely redissolved when 
it was heated above 80°, and reprecipitated on cooling below 
80°. No other abnormal constituents were found. A further 
examination of the urine for Bence-Jones protein was made 
with the tests described by Osgood & Haskins (1931). Typical 
reactions were given with salt and acetic acid as well as with 
sulphosalicylic acid. Investigations during the next few days 
showed: blood urea 36mg./100ml., plasma proteins 
6-2 g./100 ml., albumin 4-7 g./100 ml., albumin/globulin 
ratio =3-1, haemoglobin 66 %, white cells 6700/cu.mm. with 
normal differenti]. Sternal marrow examination showed 
that 55% of the nucleated ceils were plasma cells. Radio- 
graphy of the skeleton showed a few clearly defined de- 
calcified areas in the skull and vertebrae consistent with 
multiple myeloma deposits. Similar areas were much more 
widespread in the lower ribs, humeri, femora, pelvis and 
clavicles. The patient was put on a high-protein (200g. 
daily) diet and treated with nitrogen mustard (methyl-bis- 
(8-chloroethyl)amine hydrochloride). His anaemia worsened, 
however, and the haemoglobin fell to 42 % in about 6 weeks, 
when he was given blood transfusions and allowed to go 
home. 

He was admitted again on 9 December 1946 with further 
loss of weight, lassitude and pain in the ribs. He was 
beginning to become breathless on exertion. His blood urea 
was now 78 mg./100 ml., haemoglobin 32%, red cell count 
1-6 x 10°/cu.mm., white cell count 6000/cu.mm., of which 
2% were myelocytes and 1% plasma cells. Plasma proteins 
were6-2 g./100 ml., albumin4-5 g./100 ml.,albumin/globulin 
ratio 2-7; sedimentation rate 65 mm. in 1 hr. He was treated 
by means of blood transfusions and given a course of 
methionine, 5 g. by mouth daily for 10 days. His condition 
continued to get worse, he began to be irrational, and, when 
very ill, insisted on going home where he soon died. 

Unfortunately, the plasma proteins were not examined by 
electrophoresis. 


METHODS 


Collection of urines. Urine was collected over periods of 
24 hr. and stored at 5°, and preserved by thymol. 

Determination of protein content. The volumes of 24 hr. 
collections of urine were measured. The urine was filtered, 
and 5 ml. introduced into a centrifuge tube. It was made 
just acid to litmus with acetic acid, and heated on a water 
bath to 70°. The coagulated precipitate of protein was spun 
down, washed once with distilled water, twice with 90% 
ethanol and once with absolute ethanol. Finally the pre- 
cipitate was dried in the oven at 100° for 2 hr., weighed and 
reheated to constant weight. 

Preparation of large sample of protein. Urine was treated, 
in 71, amounts, with 90 g. of active charcoal for 15 min., 
and filtered through fluted filter paper. The clear, pale yellow 
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liquid, made just acid to litmus with acetic acid, was heated 
with mechanical stirring to 55-65° to produce precipitation 
and coagulation of the protein. The precipitate was filtered 
and washed with distilled water until chloride free, and 
spread out on Petri dishes, which were placed on top of an 
oven at 90° overnight. The dried protein was put through 
a mincer and gave a white powder, quite tasteless and odour- 
less. The yield was about 95 ¢./71. urine. The protein 
contained no phosphorus. 

By this procedure, a total of 1350 g. of protein was collected 
and thoroughly mixed. This denatured protein was later 
used for the feeding experiments and analyses. 

Analysis of protein by salting-out methods. The filtered 
urine in volumes of 280 ml. was dialyzed against running tap 
water for 48 hr., and against a large volume of staticdistilled 
water for a further 48 hr. It was filtered from the slight 
precipitate and the filtrate used for salting-out experiments. 

A constant volume of the dialyzed protein solution was 
treated with varying quantities of saturated Na,SO, solution 
and distilled water to give a series of solutions having a 
volume of 10 ml., a nitrogen content of 10-5 mg., a pH of 
7-0, and with the Na,SO, concentrations ranging from 
30 to 50% saturation at 37°, at which temperature the whole 
subsequent procedure was also carried out. Having stood 
for 22hr., the mixtures were filtered, and the filtrates 
analyzed for nitrogen. 

To isolate the first fraction of protein precipitated by this 
method, 1700 ml. of urine were dialyzed by the above 
method, and the protein solution treated with Na,SO, to 
bring to 38% saturation. Under these conditions 29% of 
the nitrogen was precipitated. The mixture was filtered, and 
the precipitate taken up in distilled water and dialyzed as 
above to give fraction A. f 

To investigate further the upper part of the salting-out 
curve, 10 ml. fraction A, containing 10-0 mg. N, were treated 
with varying quantities of ZnSO,.7H,O at 37°. The protein 
left in solution was estimated asin the salting-out experiment. 

Electrophoretic analysis of protein. Urine (250 ml.} was 
freeze dried and sent to Dr A. L. Alling of the Strong 
Memorial Hospital, Rochester, N.Y., U.S.A., to whom we 
are indebted for the electrophoretic study. After suitable 
dialysis of the urine against sodium diethylbarbiturate 
buffer of pH 8-5 and ionic strength 0-1 the electrophoresis 
was carried out for 3 hr. in the tall form of the standard 
11 ml. Tiselius cell at a field strength of 6-8 V./em. Boundary 
patterns were obtained by the Longsworth scanning method 
(Longsworth, 1939). 

Chromatographic analysis for amino-acids. The denatured 
protein was hydrolyzed for 24 hr. at 100° with 6N-HCl, and, 
after removal of the HCl by distillation in vacuo, the residue 
was dissolved in water. An amount of the solution containing 
50 wg. of N was analyzed for amino-acids on the two- 
dimensional phenol-‘ collidine’ paper chromatogram of Cons- 
den, Gordon & Martin (1944). A further similar quantity, 
previously treated with10 pl. of 30% (w/v) H,O,, was analyzed 
similarly for the specific purpose of revealing methionine and 
cystine if present (Dent, 1947). These two analyses were later 
repeated with 10 times the above amounts of hydrolysate 
with the object of detecting constituents present in small 
quantities only. One-dimensional chromatograms were also 
carried out in collidine, for subsequent spraying with the 
Pauly reagent (Pauly, 1904) for detection of histidine and 
tyrosine, and in ¢tert.-amyl alcohol (Work, 1948) to detect 
the two leucines, which overlap in the other solvents. 


39-2 








612 C. E. 


Analyses for cystine (other than by paper chromatography). 
Qualitative. To test qualitatively for cystine in a protein 
hydrolysate, the nitroprusside test may be inconvenient on 
account of the colour of the hydrolysate itself, and the 
quantity of protein required. The following spot test was used. 

A drop of solution which may contain about 0-1% (w/v) 
cystine is applied to a filter paper, which is allowed to dry, 
immersed in 5° Hg(NOg,). solution, thoroughly washed 
with distilled water and dried at room temperature or in an 
oven at 100°. The same concentration Hg(NO,), is striped 
across the paper from a micropipette, and is followed by 
0-112 N-KI applied in the same way. The background appears 
red on account of HgI, formation, whilst the area of cystine 
impregnation appears colourless for low concentration of 
cystine, and pale yellow for higher concentrations. 

The following substances give a positive reaction to the 
test: cystine, cysteine, glutathione, homocysteine, cystine 
disulphoxide, thiolhistidine, S-benzyleysteine. The following 
substances give negative results: S-methylcysteine, taurine, 
cystathionine, methionine sulphone, methionine sulphoxide, 
lanthionine, B88’p’-tetramethylcystine, ergothionine, homo- 
cysteine thiolactone, glycine, alanine, valine, leucine, iso- 
leucine, serine, threonine, aspartic acid, glutamic acid, 
arginine, lysine, histidine, phenylalanine, tyrosine," trypto- 





phan, proline and methionine. 

Cystine, however, can be distinguished from all other 
substances which give positive reactions by repeating the 
test, this time omitting the preliminary immersion in 
Hg(NO,),. and subsequent washing and drying. Under these 
conditions cystine gives a negative result, but the other 
substances continue to give the same reaction as before. 

The test will detect 2 ug. of cystine with ease. 

Quantitative. Cystine and inorganic sulphur were deter- 
mined gravimetrically by the method of Lugg (1938). 

Analyses for methionine (other than by paper chromatography). 
Chemical. The nitroprusside colorimetric method of McCarthy 
& Sullivan as modified by Horn, Jones & Blum (1946) was 
used. The mcthod is not, however, very accurate for low 
concentrations of methionine in protein hydrolysates. 
Methionine was also determined by subtracting crystine and 
inorganic sulphur (as determined above) from total sulphur 
as determined gravimetrically by a wet-ashing method 
(Masters, 1939). 

Microbiological. This was carried out by Mr J. G. Heath- 
cote at the Cereals Research Station, St Albans, by the method 
of Dunn, Shankman, Camien, Frankl & Rockland (1944) 
as modified by Barton-Wright (1946) with the organism 
Leuconostoc mesenteroides P60. 

Biological. Two animal-feeding experiments were carried 
out. In both cases white Wistar rats were housed separately 
in metabolism cages, and a constant intake of dietary 
protein N (123 mg./rat/day) was provided, the carbohydrate 
supplied being appropriately reduced when the appetite was 
poor, so that minimal amounts of food were left uneaten. 
The cages, donations of carbohydrate, salt, arachis oil, cod- 
liver oil, yeast extract, aneurin, riboflavin, pyridoxine, 
calcium pantothenate, choline and tocopherol were exactly 
as described by Dent & Rimington (1947), except where 
otherwise stated. 

In the first experiment, two male rats of about 100 g. 
were fed with casein as the sole source of protein N. After 
20 days the casein was replaced by Bence-Jones protein. 
After a further 14 days, 19 mg. «-aminobutyric acid/rat/day 
were included in the diet, as part of another experiment not 
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reported here. After a further 14 days, instead of this 
supplement, 27 mg. pL-methionine/rat/day were given. 

In the second experiment, three male and three female 
rats, all litter mates, and weighing about 115 g. if males 
and about 93 g. if females, were fed with casein for the first 
14 days as above, except that the carbohydrate was mixed 
with CaHPO, in the proportion of 99-2% corn starch and 
0-8°% CaHPO,. The salts, apart from the CaHPO,, were 
supplied by adding a solution of the composition of the salt 
mixture of Osborne & Mendel (1919), except that the 
metallic sulphates were replaced by the equimolecular 
amounts of their chlorides. In this way an adequate salt 
mixture completely free of sulphur was provided. 

For the rest of the experiment rats 1 and 2 remained on the 
same diet, to serve as controls, while all the other rats were 
given Bence-Jones protein instead of casein. After the first 
14 days, however, rats 3 and 4 received the Bence-Jones 
protein alone, while rats 5 and 6 received the same protein 
and in addition 27 mg. pL-methionine/rat/day. After a 
further 18 days the methionine supplement was switched 
from rats 5 and 6 to rats 3 and 4. 

Throughout bothexperiments, 16 mg. L-tryptophan/rat/day 
were added to the casein diet. Water, distilled in the second 
experiment, was supplied ad lib. The rats were weighed 
individually at least every other day. 

Other analyses. Ash. A small quantity of protein was 
ignited at red heat for 45 min. and the residue weighed. 

Total nitrogen. This was determined by the micro-Kjeldahl 
method, with CuSO, and SeQ, as catalysts. 

Carbohydrate. This was determined by the orcinol method 
of Rimington (1940). 

RESULTS 


Daily output of Bence-Jones protein. The output 
varied by about + 10 g./day (Fig. 1). On normal 
hospital diet, with a protein intake of about 100 g., 
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Fig. 1. Patient’s excretion of Bence-Jones protein from 
14 to 29 August 1946, representative of the 62 days on 
which it was determined at various stages of the illness. 
On 26 August (indicated by an arrow) he was given by 
mouth 50 g. of his own Bence-Jones protein in addition 
to his normal diet. 


the daily Bence-Jones protein output averaged 
34-5 g. over a 5-day period. For the next 9 days, on 
a diet containing about 200g. protein, the daily 
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output averaged 38-4 g. The average output remained 
at about the same level throughout the period during 
which the patient was studied, and was 36 g. when 
averaged over the 62 recorded days. After eating 
50 g. of his own recovered Bence-Jones protein, in 
addition to his normal diet, the patient showed no 
change in the output. (A healthy volunteer also 
ingested 50g. of the protein, without producing 
proteinuria or other detectable effects.) After the 
patient had been transfused with 2 pints of blood the 
output was halved for 2 consecutive days, but after 
a second transfusion about 2 months later a similar 


result was not reproduced. The feeding of 5-0 g. of 


pL-methionine/day for 10 days did not affect the 
output, and methionine could not be detected in the 
daily urines by the one-dimensional chromatographic 
technique of Dent (1946) using phenol as the solvent. 
Since the method would detect 2-5 yg. of methionine, 
and the average urine volume was 2500 ml., the 
daily output of this amino-acid, while it was being 
given by mouth, must have been less than 250 mg. 
a-Aminobutyrie acid was also not detected in the 
urine. Methionine is readily detected in this way in 
the urine of a normal person who ingests 5 g./day. 
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Fig. 2. Salting-out curve of Bence-Jones protein by Na,SO, 
at 37°. The arrow indicates the point at which the bulk 
fractionation was made (see text). 

Salting-out curves. Fig. 2 shows the effect of 
salting out the dialyzed Bence-Jones protein with 
sodium sulphate. To find the number of constituents, 
the log of the solubility of the protein was plotted 
against salt concentration (Fig. 3; see also Cohn, 
1925). The precipitation graph then follows along two 
straight lines, representing two constituents, with 
the point of inflexion when 87-8 % of the nitrogen 
has been precipitated. The arrows in Figs. 2 and 
3 indicate the point at which the fractionation de- 
scribed on p. 611 was made. The salting-out curve of 
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this fraction (fraction A) with zine sulphate is shown 
in Fig. 4. 
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Fig. 3. The results of Fig. 2 plotted on the log scale to show 
the number of components present. The arrow indicates 
the point on the curve above which it was more carefully 
examined in another experiment (see text and Fig. 4). 
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Fig. 4. Salting-out curve of fraction A of Bence- 
Jones protein by ZnSO, at 37°. 


Electrophoretic diagrams. Dr Alling reported: ‘The 
electrophoretic mobility of different samples of 
Bence-Jones proteins varies somewhat, but the 
mobility in this case corresponds to that which we 
have found most frequently for Bence-J ones protein. 
The pictures (Fig. 5) show the usual boundary 
anomalies and one large slightly asymmetrical peak 
moving with the mobility of fibrinogen. The 
asymmetry of the main peak probably represents 
a small amount of protein travelling slightly faster 


than the main component. 
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When this undenatured protein was added to a Analysis by paper chromatography. The results of 
sample of normal plasma, the peak migrated with one of the two-dimensional chromatograms are 
the fibrinogen. shown diagrammatically in Fig. 6. It shows all the 





Collidine 


Fig. 6. Diagram of chromatogram obtained from acid 
hydrolysate of Bence-Jones protein. Anamount containing 
50 pg. of N was taken and placed at the bottom right-hand 
corner of the filter paper. Phenol was run from right to 
left followed by ‘collidine’ in an upward direction. The 
latter was run for half as far again as the phenol. The sizes 
of the spots have been drawn to represent the relative 
strengths of ninhydrin colour reaction according to an 
arbitrary scale. The identifications are: 1, cysteic acid 
(from cystine) ; 2, aspartic acid; 3, glutamic acid; 4, serine; 
5, glycine; 6, threonine; 7, tyrosine; 8, alanine; 9, histidine; 
10, phenylalanine; 11, leucine and/or isoleucine (an inde- 
pendent method showed that both were present) ; 12, valine; 
13, proline; 14, arginine; 15, lysine. 


Fig. 5. Electrophoretic patterns of Bence-Jones protein. 
(a) and (b) are the ascending, (c) and (d) the descending 
patterns. In (a) and (c) the protein has been mixed with 
plasma proteins from a normal man. A=albumin. «,, o, 
8 and y=the corresponding globulins. ¢=fibrinogen. 
8 and ¢ are the usual boundary anomalies. BJP=Bence- common amino-acids except tryptophan (destroyed 
Jones protein. in acid hydrolysis), methionine, histidine and 


Table 1. Analysis of Bence-Jones protein 





(All values are expressed as % (w/w) of dry ashless protein except in the case of values for ash itself which are corrected 
for dry material only.) 
° Calvery & Freyberg (1935) Harvier 
Zo ‘ — % Devine & Rangier 
This paper Sample 1 Sample 2 (1941) (1943) 
Ash 0-16 5-1 1-2 0-4 — 
Total nitrogen 16-2 18-0 18-1 14-7 —- 
Total sulphur 0-76 1-0 1-0 1-34 1-15 
Cystine 2-47 3-0 3-0 2-9 —- 
Inorganic sulphur 0-10 — —- ~- — 
Carbohydrate 0-17 — _— — _— 
Methionine (chemical methods) 0-00* 0-817 0-58 1-80¢ 
Methionine (microbiological method) <0-02 — - = 
Glucose/nitrogen ratio 0-0106 — - 0-07 


* The gravimetric method for methionine gave a small negative value, cystine + inorganic sulphur averaging 0-768 (0-753, 
0-771, 0-778, 0-776) and total sulphur 0-761 (0-760, 0-758, 0-765). The reason for this is not known. 

+ This value does not appear in the paper by Calvery & Freyberg (1935), but is attributed to them by Block & Bolling 
(1947, p. 178). 

t The authors do not indicate which chemical method was used. The protein was obtained not from a case of myelomatosis, 
but from the urine of a patient with multiple secondary carcinoma of bone. 
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hydroxyproline. There is also a spot in the position 
occupied by leucine and/or isoleucine. After oxida- 
tion with hydrogen peroxide the cysteic acid spot 
showed strongly, indicating the presence of a fair 
quantity of cystine, but no methionine sulphone 
was seen as would have been found had methionine 
been present in the original protein. The same result 
was also obtained from a sample of the protein passed 
in the urine during the period of methionine ad- 
ministration. The chromatograms run with 10 times 
the usual quantity showed histidine, but still no 
methionine as its sulphone, nor any hydroxyproline. 
As the technique readily detects 5 ug. of methionine 
there must have been less than 5 yg. in the 3 mg. of 
protein taken, i.e. less than 0-16 g./100 g. of protein. 
The presence of histidine in small amounts was con- 
firmed by the one-dimensional collidine chromato- 
gram, tryptophan by the Hopkins-Cole reaction, 
leucine and isoleucine (much more of the former) in 
the tert.-amyl] alcohol chromatogram. 
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Fig. 7. Growth curves in first rat experiment. Before arrow 
A both rats received casein as sole source of protein in the 
diet. From A till the end of the experiment Bence-Jones 
protein containing the same amount of nitrogen was 
substituted for casein. After arrow B methionine was 
added to the diet, between C and B «-aminobutyric 
acid was added. The weights of the two rats at the 
beginning and end of the experiment are marked on the 
curves. 

Chemical analyses (including microbiological). 
These are shown in Table 1. 

Biological results. The growth curves from the two 
rat experiments are shown in Figs. 7 and 8. In all 
cases rats given Bence-Jones protein diet without 
added methionine developed marked loss of appetite 
so that instead of eating quickly the maximum 
daily allowance of 11 g. they ate only 7 or 8g. 
On the addition of methionine, appetite rapidly 
returned. 
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DISCUSSION 


The recognition of the protein in our case was based 
on the clinical diagnosis and on its giving the classical 
reactions on heating. The salting-out and electro- 
phoretic properties indicated that about 90 % of the 
material consisted of a single component. Nearly all 
the protein was precipitated within the concentra- 
tion range of 38-46% saturation with regard to 
sodium sulphate (Figs. 2 and 3). The salting-out 
curve with zinc sulphate of the less soluble fraction 
(Fig. 4) fully confirmed that the upper point of 
inflexion was as sharp as has been drawn and that the 
upper part of the curve was a straight line. 

With regard to the chemical composition of the 
protein, the paper chromatograms (Fig. 6) clearly 
displayed the many amino-acids present in the acid 
hydrolysate. All the ‘essential’ or ‘indispensable’ 
amino-acids (Rose, 1938) were found with the 
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Fig. 8. Growth curves in second rat experiment. Before 
arrow A all rats received casein as sole source of protein. 
Rats 1 and 2 continued to receive casein throughout the 
experiment. After A and until the end of the experiment 
rats 3-6 received an equivalent amount of Bence-Jones 
protein instead of the casein. Between arrows A and 
Brats5 and 6 received the methionine supplement, at B the 
supplement was transferred to rats 3 and 4. The weights 
of the rats at the beginning and end of the experiments 
are shown on the curves. The six rats were litter mates. 


notable exception of methionine. The latter could 
not have been present to the extent of more than 
0-2 % or it would have been detected by this highly 
specific technique. In addition, the common ‘non- 
essential’ (or ‘dispensable’) amino-acids were all 
found except hydroxyproline. Compared with those 
obtained from a casein hydrolysate these chromato- 
grams showed the presence of much higher relative 
amounts of serine and threonine. In this feature the 
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protein shows some resemblance to the y-globulin 
of human serum (Brand, Kassell: & Saidel, 1944). 

The feeding experiments with rats confirmed 
closely the chromatographic results. As would be 
expected from the complete absence of an essential 
amino-acid the Bence-Jones protein failed to support 
growth or even to maintain the body weight of 
the animals. Supplementation, however, with the 
amount of methionine contained in the same weight 
of casein enabled growth to occur almost as well as 
in the control rats fed with casein as sole source of 
protein (Figs. 7 and 8). The other essential amino- 
acids must therefore have been present in adequate 
amounts. Glynn, Himsworth & Neuberger (1945) 
describe experiments in which rats were fed pure 
amino-acids in place of protein. Some of their 
diets were otherwise very similar to ours. They 
showed that a mixture of amino-acids of the com- 
position of a casein hydrolysate which provided daily 
only 8 mg. of methionine, instead of the required 
23 mg., allowed appreciable growth in the rats. 
The loss of weight on the unsupplemented Bence- 
Jones protein diet is therefore further evidence that 
there was much less than 8 mg. of methionine in the 
daily allowance of about 0-8 g. of protein, i.e. much 
less than 1 % of methionine in the protein. 

The two independent quantitative chemical 
methods also failed to detect any methionine in the 
protein. The microbiological assay led to the same 
result. More exactly, the latter showed that there 
could not have been more than 0-02 % of methionine 
in the protein. If this maximal amount were actually 
present in the protein it would demand a minimum 
molecular weight of 650,000 for Bence-J ones protein 
which is far higher than the figure of about 35,000 
generally accepted by most workers (Svedberg & 
Sjogren, 1929). 

The material thus belongs to that small group of 
proteins devoid of methionine (e.g. insulin, tobacco 
mosaic virus) and differs conspicuously in this 
respect from the proteins present in normal plasma 
(Brand et al. 1944). Only three other analyses for 
methionine in Bence-Jones protein have been found 
in the literature (Table 1). The results of these do 
not agree with ours or with each other. The methods 
used are, however, either not mentioned or else are 
now not accepted as satisfactory, nor were any of the 
results checked by independent methods as in the 
present work. In view of these facts and of the 
possible differences between different samples of the 
protein, we think, therefore, that these results in no 
way detract from our findings that the Bence-Jones 
protein, at least in our particular case, contains no 
methionine. All the other amino-acids, except for the 
biologically unessential hydroxyproline, were present. 
Our findings support strongly the work of Abder- 
halden (1940) who claims, as have others before him, 
that Bence-Jones protein is quite distinct from 
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proteins of norma! human plasma. The physico- 
chemical and immunological differences between 
different samples of the protein such as have been 
shown to occur by other workers (Hewitt, 1929; 
Abderhalden, 1940; Hektoen & Welker, 1940) still 
remain a puzzling feature. However, if the absence 
of methionine is confirmed in pure samples excreted 
by other patients a most definite point of similarity- 
will be available, which may become useful for 
purposes of identification. 

The above facts may be of significance in regard 
to the aetiology of the disease. The urinary protein 
has been shown to be present in the plasma of 
myeloma patients (Kydd, 1934; Moore, Kabat & 
Gutman, 1943; Blackman, Barker, Buell & Davis, 
1944) and there is some evidence that the plasma 
cells may be the seat of its formation (Martin, 
1947). In our case (and in one reported by Hewitt, 
1929) there was a disease process at work resulting in 
the formation, by a very ill man, of at least 30- 
40 g./day of a fairly pure protein. The output of 
urinary protein was independent of changes in the 
diet and clinical condition of the patient, even being 
unaffected by adding to his diet 50g. of his own 
Bence-Jones protein, and it was maintained at this 
level over a period of months. For the reasons stated 
above, this protein was either foreign to the body or 
else present normally in only undetectably small 
quantities. Such a situation cannot be explained as 
an overaction of a normal process such as could occur 
as the result of excessive stimulation or of malignant 
change. For purposes of comparison, the rate of 
formation of other body proteins can be discussed. 
A healthy dog under the best conditions of diet and. 
under maximal stimulus of hypoproteinaemia can 
produce some 10 g./day of mixed plasma proteins 
(Whipple, 1948). A human being with a liver weight 
4 times greater could be expected to produce under 
similar optimal conditions 40 g./day. In severe 
nephrosis, the disease in which the largest pro- 
teinurias occur, it is rare for more than 30 g./day to 
be excreted and this may be largely serum albumin. 
The total protein formation in the regenerating rat 
liver, which grows much faster than most malignant 
tumours (Brues & Drury, 1936) is only about 60 mg./ 
100 g. body weight/day under the best conditions 
and during the peak growth period. At this rate the 
healthy human subject of 70 kg. could produce about 
40 g./day of liver proteins, but there is still no analogy 
here for the production of similar amounts of a single 
protein constituent. The other theories also put 
forward (summarized by Calvery & Freyberg, 1935) 
likewise cannot explain the facts. 

The tentative suggestion is, therefore, put forward 
that multiple myelomatosis is due to invasion of the 
body by a virus which lives and multiplies in the 
plasma cells of the bone marrow. It is assumed to 
stimulate their growth as is the case with the white 
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cells in fowl leukaemia. It is further suggested that 
the Bence-J ones protein, when combined with nucleic 
acid in the plasma cells, is the virus itself. 

This suggestion would be quite compatible with 
our knowledge of viruses. Tobacco mosaic virus, for 
instance, can multiply very rapidly almost up to the 
moment when the leaf dies, by which time the bulk 
of the total protein is in the form of virus protein 
(Stanley, 1937). Markham, Mathews & Smith (1948) 
have shown that the yellow mosaic virus growing in 
the turnip can produce protein free from nucleic acid 
as well as its own nucleoprotein. Such work as has 
been done on animal viruses shows a more complex 
mechanism as several proteins, physicochemically 
distinguishable from each other, may be produced 
by the one virus. 

It may be relevant to allude here to the work of 
Snapper & Schneid (1946, 1947) and of Snapper, 
Mirsky, Ris, Schneid & Rosenthal (1947). They have 
shown that administration of stilbamidine to 
patients with myelomatosis may produce a tem- 
porary clinical improvement. During the treatment 
the plasma cells may show the presence of basophil 
inclusion bodies which they interpret as resulting 
from the reaction between the stilbamidine and a 
‘foreign nucleoprotein’ present in the cells. It 
appears to the present writers that this could be the 
virus in question. Inclusion bodies of this type may 
also be found in proved virus diseases (Findlay & 
Ludford, 1926). 

Further support for this theory comes from the 
fact that virus proteins, so far as they have been 
analyzed to date, are usually methionine free (Block 
& Bolling, 1947, p. 304; Chandler, Gerrard & du 
Vigneaud, 1947; Knight, 1947). 
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SUMMARY 


1. A case of multiple myelomatosis is described 
in which Bence-Jones proteinuria was found. 

2. The average daily output of protein was about 
36 g. The output was not increased on adding 50 g. 
of the protein to the usual diet. 

3. A salting-out curve suggests that the protein 
consisted of two constituents in the proportion of 
about 90 and 10%. On electrophoretic analysis it 
gave one slightly asymmetrical peak which migrated 
with fibrinogen. 

4. The protein was shown to be free of methionine 
by paper chromatographic, microbiological, bio- 
logical and two different chemical methods. The 
hydrolysate of protein, on chromatographic analysis, 
showed the presence of all the other common amino- 
acids, except hydroxyproline. When supplemented 
with methionine, the protein was similar to casein 
in its ability to support the growth of rats. 

5. A new spot test for cystine is described. 

6. The qualitative and quantitative data pre- 
sented are considered incompatible with the view 
that this Bence-Jones protein is synthesized by the 
body tissues. Their similarity to those in certain 
virus diseases is indicated, and it is suggested that 
multiple myelomatosis could be explained as a virus 
infection and the abnormal urinary protein as a con- 
stituent protein of that virus. 


The writers wish to thank Prof. H. P. Himsworth, Prof. 
C. Rimington and Dr M. Rosenheim for their great interest 
and encouragement, Dr J. G. Heathcote for the micro- 
biological assay and Dr E. L. Alling for the electrophoretic 
studies. 
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The Fate of Certain Organic Acids and Amides in the Rabbit 
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In an earlier investigation in this laboratory (Bray, 
James, Ryman & Thorpe, 1948) it was shown that 
extracts of rabbit liver are capable of hydrolyzing 
the carbamyl group of several carboxylic acid 
amides, notably p-nitrobenzamide. The results of 
this study are summarized in Table 1. Subsequent 


Table 1. Hydrolysis of amides by rabbit-liver 
extract at pH 7-4 

Percentage hydrolysis 

—a an ee 

Amide After 10 hr. At equilibrium 


Benzamide 24 45 


o-Hydroxybenzamide 0 0 
m-Hydroxybenzamide 0 1 
p-Hydroxybenzamide 3 6 
o-Aminobenzamide 5 9 
m-Aminobenzamide 2 7 
p-Aminobenzamide 3 13 
o-Nitrobenzamide 13 23 
m-Nitrobenzamide 15 31 
p-Nitrobenzamide 73 82 
o-Bromobenzamide 4 21 
Formamide 0 0 
Acetamide 1 2 
Propionamide 14 25 
Phenylacetamide 5 10 
Nicotinamide 8 13 
Asparagine 30* —- 
Glutamine 22* —- 


* Equilibrium reached. 


investigations have shown that, in most cases, and 
especially with aromatic amides, these results are in 
good agreement with those obtained with the intact 
animal (see Bray, Thorpe & Wood, 1949). 

The enzyme responsible for this reaction may be 
included in the group of enzymes often termed 


‘amidases’. Since the most convenient substrates 
so far examined are p-nitrobenzamide and benz- 
amide, it is convenient to refer to it provisionally as 
a benzamidase. It should be emphasized that the use 
of this term does not necessarily imply identity with 
the benzamide-synthesizing enzyme called benz- 
amidase by Waelsch & Busztin (1937). We have 
found that rabbit-liver extracts also hydrolyze 
certain aliphatic amides (e.g. propionamide (Table 1) 
and, more readily, butyramide and valeramide), but 
we have not yet sufficient evidence to say whether 
or not these compounds are hydrolyzed by the same 
enzyme as the aromatic amides. 

It was, therefore, of interest to investigate the 
relationship of the benzamidase to the known 
amidases. Enzymes have been described which 
hydrolyze compounds containing a simple or sub- 
stituted carbamyl group, thus 


R’.CONHR’ +H,0 + R’.COOH+NH,. R’. 


Thus glutaminase and asparaginase, which hydrolyze 
respectively the monoamides of glutamic and 
aspartic acids (glutamine and asparagine) are 
amidases acting upon substrates in which R” is H. 
Hippuricase (histozyme) hydrolyzes hippuric acid 
(R’=C,H;, R” =CH,.COOH) to benzoic acid and 
glycine. Deacetylases which hydrolyze acetamido 
compounds (R’ =CH,, R” =C,H,;, CH,.COOH, ete.) 
may also be regarded as amidases. There is the 
further possibility that some peptidases or proteases 
which hydrolyze the ‘peptide’ link might be capable 
of hydrolyzing amides. In the above-mentioned 
study (Bray etal. 1948) it was observed that, although 
pepsin and trypsin were without action upon the 
amides studied, papain hydrolyzed hippuramide 
readily and benzamide to a slight extent. 
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The literature dealing with these amidases is in 
some cases very extensive: some of the findings of 
earlier workers are summarized in the following 
section. 


Asparaginase. This enzyme has been shown to be present 
in tissues (e.g. calf liver, Suzuki, 1936), bacteria (e.g. Shibata, 
1904; Dox, 1909; Utzino & Imaizumi, 1938) and yeast 
(Geddes & Hunter, 1928; Grassman & Mayr, 1933). The 
optimum pH as determined by some of these workers lies 
between 7 and 8-1. Geddes & Hunter stated that yeast 
asparaginase hydrolyzed glutamine, but not salicylamide, 
propionamide, acetamide or formamide. Grassman & Mayr 
showed that a partially purified preparation from the same 
source did not attack glutamine, acetamide or propionamide. 
Utzino & Imaizumi found that bacterial asparaginase de- 
acylated some acyl derivatives of asparagine. 

Glutaminase. Krebs (1935) states that there is more than 
one glutaminase, differing principally in optimum pH’s: one 
is found in brain and kidney and another in liver. Extracts 
of these tissues hydrolyze, but synthesis may occur in slices. 
The enzyme was found to be highly specific and would not 
hydrolyze asparagine. Further evidence to the effect that 
glutaminase and asparaginase are distinct enzymes was pro- 
vided by the fact that the ratio of glutaminase activity to 
asparaginase activity was not constant for different tissues. 
Archibald (1944) also found that dog kidney had no action 
on asparagine. 

Hippuricase (histozyme). Active preparations of this 
enzyme have been obtained from various tissues by Mutch 
(1912), Smorodinzew (1922), Tamura (1923-4), Takahashi 
(1929), Kimura (1928-9) and So (1930). It has also been 
obtained from takadiastase (e.g. by Blagowestschenski & 
Nikolaeff, 1935; Ellis & Walker, 1942). Smorodinzew’s pre- 
parations hydrolyzed also homologues of hippuric acid and 
some other compounds including acetylglycine while those 
of Tamura attacked dibenzoyl-L-tyrosine and -L-cystine. 
Kimura’s preparations deacetylated acetylglycine. So (1930) 
reported that his preparations did not hydrolyze benzamide, 
while those of Ellis & Walker were without action-towards 
aromatic acetamido compounds and benzamide and 
acetamide. 

Deacetylase. Deacetylation by tissues in vitro has been 
demonstrated by several workers. Kohl & Flynn (1940) 
showed that rat liver will deacetylate N-acetylsulphanila- 
mide. Michel, Bernheim & Bernheim (1937) showed that dog, 
cat, rabbit and ox liver and rat kidney readily deacetylated 
acetanilide. They concluded that the enzyme was not 
identical with hippuricase. Krebs, Sykes & Bartley (1947) 
found that pigeon liver and sheep kidney and liver deacetyl- 
ated N4-acetylsulphamezathine. The experiments of Smoro- 
dinzew (1922) and Kimura (1928-9), on the deacetylation of 
aliphatic acetamido compounds in vitro, have already been 
mentioned. 

Tissue peptidases and proteases. Utzino (1928) found that 
pig and rabbit liver and pig-kidney extracts hydrolyzed 
various dipeptides, including glycylglycine. The chief tissue 
protease appears to be cathepsin (Willstaétter & Bamann, 
1929), which is a mixture of several enzymes, including 
peptidases (Fruton, Irving & Bergmann, 1941). Its optimum 
pH is 4-5 and it is believed to be inactive at pH 7. 

Benzamidase. Waelsch & Busztin (1937) reported the 
presence in horse kidney of an enzyme which synthesized 
benzamide from benzoic acid and ammonia at pH 7:3. 
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Borsook & Dubnoff (1940), however, were unable to demon- 
strate conjugation of benzoic acid under their conditions. 
Waelsch & Busztin also stated that benzamide was hydrolyzed 
by horse kidney. 

Nicotinic acid amidase. The hydrolysis of nicotinamide has 
been demonstrated in man by Johnson, Hamilton & Mitchell 
(1945) and in the guinea pig and rabbit by Ellinger & Abdel 
Kader (1948). The liver extracts which we used in our earlier 
study (Bray et al. 1948), hydrolyzed nicotinamide to the 
extent of 13% at equilibrium (see Table 1). 


It is clear from the foregoing that the benzamidase 
with which we are concerned bears several points of 
resemblance to previously described enzymes. In 
this paper we report upon the distribution of some 
of these enzymes in the tissues of different species, 
together with their stability towards various treat- 
ments. From the results obtained it seems probable 
that the benzamidase is not identical with any of 
these enzymes. 


METHODS 


Materials. The substrates used were benzamide (British 
Drug Houses Ltd.); p-nitrobenzamide (prepared from 
p-nitrobenzoyl chloride (British Drug Houses Ltd.) and 
ammonia); glutamine (isolated from mangolds by the 
method of Vickery, Pucher & Clark, 1935); asparagine (Ashe 
Laboratories, Ltd.); acetylglycine (prepared by the method 
of Radenhausen, 1895); nicotinamide (British Drug Houses 
Ltd.) and glycylglycine hydrochloride (prepared by the 
method of Fischer & Fourneau, 1901). Phosphate buffer 
(0-2m, pH 7-4) was used unless otherwise stated. The veronal 
buffer used in certain experiments contained sodium diethyl- 
barbiturate (0-1 M, 5-81 vol.) and HCl (0-1M, 4-19 vol.). Acid- 
washed sand (British Drug Houses Ltd.) was used in the 
preparation of tissue extracts. 

Extracts. The rat, rabbit or guinea pig was killed by a blow 
on the back of the neck and immediately bled. The organs 
required were removed, thoroughly ground with sand and 
then mixed with water, 1-5 times the original weight in the 
case of liver, 3 times with kidney and 5 times with brain. The 
resultant breis were centrifuged and the supernatant liquid 
decanted and used immediately. The cat and dog tissues were 
obtained from nembutal-anaesthetized animals. The horse 
kidney arrived at the laboratory about 1 hr. after the death 
of the animal. 

Digests. Tissue extract (10 ml.) was added to the solution 
of the substrate (0-00687M) in buffer (50 ml.). Chloroform 
was added as preservative and incubation carried out at 
37-4°. In each experiment a control consisting of buffer and 
tissue extract without substrate was included. 

Methods of estimation. The hydrolysis of the substrates was 
determined by measurement of the increase in acidity using 
the formol titration technique previously described (Bray 
et al. 1948). In addition, wherever practicable, the progress 
of the reaction was also followed by estimation of the NH, 
liberated. This was done by transferring samples of digest 
(4 ml.) toa Folin-type aeration apparatus, adding K,CO, (5g.) 
and blowing the NH, present into a known volume of 
standard acid (0-01N). Back-titration of the acid remaining, 
using de Wesselow’s indicator (Cole, 1926), gave an estimate 
of the NH, liberated. Blank estimations were similarly 
made. Good agreement was found between the results 
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obtained by the two methods in the case of benzamide, 
p-nitrobenzamide and nicotinamide, but under the conditions 
employed for the formol titration, glutamic and aspartic 
acids gave only 54 and 38% respectively of the theoretical 
increase in titration. Even when correction for this was 
applied, the formol titration for glutamine digests tended to 
give lower results for the degree of hydrolysis than the NH, 
estimation (see the following paper; Bray, James, Raffan 
& Thorpe, 1949). We have used the value obtained by NH, 
estimation as a measure of the degree of hydrolysis of gluta- 
mine and asparagine throughout this investigation. 

Whilst earlier workers (Kimura, 1928-9; Michel et al. 1937) 
used either acetylglycine or acetanilide as substrate in 
determining deacetylase activity, we used both compounds 
in view of the probability of the existence of different 
mechanisms for aliphatic and aromatic compounds asalready 
mentioned. The liberation of aniline from acetanilide was 
determined by a procedure similar to that of Bratton & 
Marshall (1939) for sulphanilamide in blood. Aniline sulphate 
was used as standard. 

Control experiments. In addition to those referred to above, 
control experiments were carried out in order to determine 
the stability of the substrates used to incubation at 37° and 
pH 7-4 for periods corresponding to those used in actual 
experiments. Only glutamine was appreciably unstable, 
undergoing slow spontaneous decomposition to an extent of 
about 28% in 20 hr. (see Bray, James, Raffan & Thorpe 
1949). This is in general agreement with the results of 
Hamilton (1945). Theeffect of this decompositionisnegligible 
when dealing with tissue extracts having high glutaminase 
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activity, since the enzymic reaction is a rapid one, but in 
preparations with lower activity it may yield results which 
are significantly too high. 


RESULTS 


Enzymic activity of fresh tissues. Table 2 shows the 
percentage hydrolysis of the various substrates by the 
tissues used in 3 and 20 hr. The values are the average 
results of the number of experiments indicated. As 
might be expected, there was considerable variation 
in the activities of the extracts of the organs of 
different individual animals. The averages give a 
reasonable indication of the consistent activity of 
the given tissue. 

The effect of acetone treatment and precipitating 
agents on the enzymic activity of rabbit and dog liver. 

(1) Acetone treatment of rabbit liver (cf. Michel et 
al. 1937). Rabbit liver (20 g.) was ground with sand 
and water (30 ml.). Acetone (150 ml.) was then 
added, and, after standing for | hr., the suspension 
was filtered and the residue washed with acetone and 
dried in air. The product was then extracted with 
water (60 ml.) for 1 hr. at 0° in the presence of 
chloroform and the mixture centrifuged. Acetone 
was added to the supernatant liquid until precipita- 
tion was complete. The precipitate was separated at 
the centrifuge, washed with acetone and finally freed 


Table 2. Enzymic activity of various tissues at pH 7-4 


Average percentage hydrolysis of amides, with number of experiments in parentheses 





c= > 

Time p-Nitro- Gluta- Acetyl- Nicotina- Glycyl- 

Tissue (hr.) benzamide Benzamide mine* Asparagine glycine Acetanilide mide glycine 
Rabbit liver 3 (21) 42 (5) 15 (8) 46 (2) 32 (4) 44 (2) 23 (1) O- (2) 56 
20 (24) 74 (5) 44 (10) 62 (5) 33 (4) 85 (4) 26 (2) 5 (2) 76 

Guinea pig liver 3 (3) 5 (3) 5 (5) 20 (5) 61 (1) 100 (2) 28 (1) 2 —_- — 
20 (3) 11 (3) 14 (4) 38 (4) 79 (2)100 (2) 799 «=(1) 2 — — 











Rat liver 3 (6) 4 (6) 2 (5) 31 (3) 43 (4) 53 (2) 32 —- — (2) 18 
20 (6) 9 (6) 4 (5) 56 (3) 49 (4) 82 (3) 64 — — (2) 2% 

Cat liver 3 (1) 4 (1) 2 GQ) 3 ) - 3a (1) 24 qd) 3 —- — —_- — 
20 (1) 12 (1) 2 (1) 37 (1) 16 (1) 75 (1) 23 —_- — —_-_ — 

Dog liver 3 —_- — —_- — —_- — —- — (2) 4 (3) 21 -_- — —- — 
20 (2) 35 —- — —- — —_- — (3) 6 (3) 63 —_- — _- — 

Rabbit kidney 3 (4) 13 (4) 0 (4) 55 (4) 0 (3) 65 — —- -—- — (2) 81 
20 (4) 16 (4) 2 (2) 87 (4) 4 (3) 83 (3) 14 (2) 5 (2) 87 

Guinea pig kidney 3 (3) 0 (3) O (4) 39 (4) 30 (1) 76 (2) 5 i; . © _-_ — 
, 20 (3) O (3) 0 (5) 63 (4) 44 (2) 95 (2) 9 (i). 0 —_- — 

Rat kidney 3 (3) 2 (2) 2 (2) 97 (2) 23 (2) 58 —- — (@) 4 - — 
20 (3) 1 (2) 3 (2) 97 (2) 24 (2) 97 (2) 13 (3) 9 —_- — 

Cat kidney 3 (1) 0 (i) 0 (3) 70 (1) 2 (1) 31 (1) 23 —_- — —_- — 
20 (1) 10 ay 6 (3) 85 ay 2 Gy 7 (2) 47 —_- — —- — 

Dog kidney 3 — (1) 35 4) _-_ — —_ — 
20 —- (2) 96 (1) 12 —_- — —_- — 

Horse kidney 3 —- — (1) Oo (a) (ql) 4 (1) 53 —_- — —_- — -—- — 
» @ 6s. @ 06 Me Oh DBR — -—- = = eK 

Rabbit brain 3 (2) 0 - — (5) 81 —_- — — 
20 (2) 0 —- — —- — —- — —_- — —_- — —_-_ — —_ — 


* Values calculated from actual titrations, not corrected for spontaneous decomposition. (see Bray, James, Raffan 
& Thorpe, 1949). 


ee 
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from solvent by leaving overnight in vacuo at 
ordinary temperature. In this way a fine powder 
(1-4 g.) was obtained. Before use it was suspended 
in water (25 ml.) and incubated at 37-4° for 1 hr. The 
activity of the preparation towards the various sub- 
strates was then determined in the usual way. The 
results are summarized in Table 3 which also shows 
the activity of the corresponding fresh tissue. It is 
evident that only the aliphatic deacetylase activity 
is retained to any appreciable extent. 
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(3) Safranine precipitation. Fractionation of the 
liver extract by precipitation with safranine was 
carried out according to the method of Geddes 
& Hunter (1928). Tothe rabbit-liver extract (30ml.), 
prepared as previously described, an aqueous 
solution of safranine (30 ml., 0-5 %) was added. The 
precipitate formed was separated by centrifuging 
and washed twice with water. It was then re- 
suspended in water (30 ml.) and the activity of the 
suspension towards p-nitrobenzamide, benzamide, 


Table 3. Effect of acetone treatment and of precipitation on the enzymic activity of liver 


Percentage hydrolysis.of 





p-Nitrobenzamide Benzamide 


= Y 
Glutamine* Asparagine Acetylglycine Acetanilide 



































¢ i + Ry te TA fe ‘ c re \ c a y 
3hr. 20hr. 3hr. 20hr. 3hr. 20hr. 3hr. 20hr. 3hr. 20hr. 3hr. 20 hr 
(1) Rabbit liver, acetone treatment: 
Activity of fresh extract (a) 62 72 — — 17 47 — 25 62 69 35 42 
(b) 39 95 — — 38 88 - 
(c) “ a an a 18 
Activity of dried liver (a) 10 20 “= --- 0 33 0 0 84 84 0 0 
(b) 10 10 — -- 0 28 
(c) 4 0 6 8 oO 0 
(2) Acetic acid precipitation: 
Activity of fresh extract (a) 44 86 
(b) 55 100 _— — — - - 
(c) 31 100 12 24 29 58 _ 51 — — — = 
(d) a 80 ae I ee ce OO ee 
(e) fs = a et a 
(f) —_— a= -- — 76 =100 43 35 -- — — — 
Activity of precipitate (a) 43 79 -- — — — 
(b) 57 100 iw bay ‘ - 
(c) 42 79 10 19 12 40 — 37 — — _ “= 
(d) = 88 oe Al hk Tillie oe Aids To eee 
(e) — ee ee ee Fel Fc a eh 
.—— an ~ m_ a a a oe Se) oe 
(3) Safranine precipitation: 
Activity of fresh extract (a) 40 47 14 17 24 =100 24 33 — — — — 
(b) 33 75 6 18 76 ©6100 43 35 — -- ~- _ 
Activity of precipitate (a) 33 59 2 30 21 73 23 36 — — _— — 
(b) 36 53 a i ie Oe sag: cael eee ae 
Dog liver: 
Activity of fresh extract 2 15 22 57 
— — —_— 0 0 0 0 





Activity of acetone treated liver 


* Values calculated from actual titrations, not corrected 
& Thorpe, 1949). 


(2) Acetic acid precipitation (cf. Geddes & Hunter, 
1928). The aqueous rabbit-liver extract, prepared as 
previously described, was adjusted to pH 4-5 by the 
addition of acetic acid (using British Drug Houses 
Ltd. ‘4-5’ indicator). The precipitate formed was 
separated by centrifuging, washed with water and 
suspended in a volume of water equal to that of the 
original extract. The activity of this suspension 
towards the substrates was then determined. The 
results are given in Table 3. It can be seen that the 
precipitate retained the benzamidase activity to- 
gether with the ability to hydrolyze glutamine and 
asparagine. 


for spontaneous decomposition (see Bray, James, Raffan 


glutamine and asparagine was compared with that 
of the fresh extract. Ammonia estimations were used 
since the colour of the digests interfered with the 
end point of the formol titrations. The results are 
recorded in Table 3. It is clear that the safranine 
precipitate retained almost completely all the 
enzymic properties investigated. 

(4) Acetone-treated dog liver. This was prepared in 
the same way as the rabbit-liver preparation. It is 
seen that the aromatic deacetylase activity is 
destroyed by acetone treatment as in rabbit liver. 
Unlike rabbit liver, dog liver has feeble aliphatic 
deacetylase activity even when fresh. 
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Hippuricase activity. The hippuricase activity of 
rabbit liver was examined by incubating the extract 
(10 ml.) with 0-00687M-hippuric acid in phosphate 
buffer pH 7-4 (50 ml.). Samples were withdrawn at 
intervals and the acidity measured by means of 
a formol titration. In each experiment the benz- 
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0-00687m-solutions (50 ml.) of p-nitrobenzamide, 
glutamine, asparagine and acetylgiycine in phos- 
phate buffer pH 7-4. A second similar set of digests 
was set up with rabbit-liver extract which had been 
heated at 50° for 30 min. The results are given in 
Table 5. 


Table 4. Enzymic activity of dried hog kidney 


Percentage hydrolysis of 


Time (hr.) p-Nitrobenzamide Benzamide Glutamine 
19 _ 0 —_ 
23 0 _ 28* 
44 16 0 oot 
68 — os -- 


Asparagine Hippuric acid Acetylgiycine Acetanilide 
0 60 75 15 
0 eis com ea 
_ 71 79 — 
— 92 — pa 


* This value would be accounted for by the spontaneous decomposition of glutamine (see Bray, James, Raffan & Thorpe, 


1949.) 


amidase activity was determined by incubating a 
digest containing p-nitrobenzamide. No hydrolysis 
of hippuric acid occurred in 48 hr. using extracts 
which hydrolyzed p-nitrobenzamide to extents 
varying from 48 to 86 % in 24 hr. Whilst the optimum 
pH of tissue hippuricase has been reported as 
6-4-7-2 (Kimura, 1928-9) and 6-8—7-0 (So, 1930), 
that from takadiastase, which has frequently been 
used as a source of hippuricase, has been recorded as 
5-4-5-8 (Ellis & Walker, 1942), and 8-0 (Blagowest- 
schenski & Nikolaeff, 1935). Rabbit-liver extract 
was, therefore, also incubated with hippuric acid in 
. buffer solution pH 5-9, but no hippuricase activity 
could be detected. (Actually we could detect no 
hippuricase activity in the specimens of takadiastase 
(Parke, Davis and Co.) available tous.) It was found, 
however, that dried hog kidney constituted a con- 
venient source of hippuricase: the material used was 
a desiccated and defatted commercial preparation 
(Viobin Corp., Monticello, Illinois, U.S.A.). The pre- 
paration (10 g.) was incubated with water (100 ml.) 
overnight at 37-4° in the presence of chloroform. The 
filtered extract (10 ml.) was then added to 0-00687 M- 
solutions of each of the substrates in phosphate 
buffer (50 ml.) pH 7-4. A mixture of extract (10 ml.) 
and buffer (50 ml.) was used as control. Incubation 
of the digests was carried out in the usual way and 
the course of the reaction followed by formol 
titrations and ammonia estimations where appro- 
priate. The results of a typical experiment are given 
in Table 4: other experiments gave similar results. 
It is evident that the extract of dried hog kidney 
possessed marked hippuricase and aliphatic de- 
acetylase activity. It hydrolyzed acetanilide to 
a slight extent, but had negligible hydrolytic effect 
on p-nitrobenzamide, benzamide, glutamine and 
asparagine. 

Effect of heat on enzymic activity of rabbit-liver 
extract. Rabbit-liver extract (10 ml.) was added to 


7 
. 


The benzamidase and asparaginase activities were 
not greatly affected by the heat treatment: the 
aliphatic deacetylase activity appeared to be reduced 
to some extent, since hydrolysis of acetylglycine 
proceeded more slowly with the heated extract, but 
glutaminase activity was completely destroyed. The 
values of 25 and 27% hydrolysis in Table 5 are 
regarded as being due to spontaneous decomposition 
(see Bray, James, Raffan & Thorpe, 1949). 


Table 5. Effect of heating at 50° on the enzymic 
activity of rabbit-liver extracts 


(F =fresh extract; H =heated extract.) 


Percentage hydrolysis of 
—_—_—_—_—_—__—_—_—e— >= 
p-Nitro- Acetyl- 

benzamide glycine 
Tine ——— ———— a—“_— 
(br.) F H F nH 6F H F FH 


Exp. 1: 
1 20 9 2 2 28 17 28 0 


Glutamine* Asparagine 


20 37 49 41 25 32 24 90 100 
Exp. 2: 
1 23 20 — 0 12 6 30 «(17 
35 24 24 5 10 14 28 Ti 
21 41 27 42 27 — 34 100 100 


* These values have not been corrected for spontaneous 
decomposition (see Bray, James, Raffan & Thorpe, 1949). 


Benzamidase and glutaminase activity of rabbit- 
liver extracts in phosphate and verenal buffers at 
pH 7-4. Greenstein and his collaborators (Carter 
& Greenstein, 1947; Greenstein & Leuthardt, 1948) 
have reported that the phosphate ion enhances the 
activity of liver glutaminase. We have found that 
benzamidase is also more active in phosphate buffer. 
The results of two experiments comparing the 
activity of benzamidase and of glutaminase in phos- 
phate and veronal buffers.at pH 7-4 are shown in 
Table 6. 
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Table 6. Benzamidase and glutaminase activity of 
rabbit liver in phosphate and veronal buffers at 


pars Percentage 
hydrolysis* after 
Exp. 

no. Substrate Buffer 2-5hr. 5hr. 10hr. 20hr. 

1 p-Nitrobenzamide Veronal 8 12 20 28 

Phosphate 19 30 42 43 

Glutamine Veronal 0 45 11 17 

Phosphate 11 23 35 41 

2 p-Nitrobenzamide Veronal 13 21 23 23 

Phosphate 28 48 68 82 

Glutamine Veronal 8 16 20 20 

Phosphate 33 54 79 98 


* These values have not been corrected for spontaneous 
decomposition (see Bray, James, Raffan & Thorpe, 1949). 


DISCUSSION 


The results of the foregoing experiments are sum- 
marized in Tables 7 and 8. The symbols used to 
indicate the degree of enzymic activity must per- 
force be somewhat arbitrary. They have been 
allotted taking into consideration all the results 
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available. The symbol 0 is used for results which are 
within the experimental error of the titrations 
(usually less than 5%), ? for results which are very 
low and of doubtful significance (usually under 15% 
hydrolysis in 20 hr.), + for results above this and 
below 40% hydrolysis, and ++ for results over 
40%. On this basis Table 7 shows the distribution 
of the various enzymes in the tissues examined. It is 
clear that rabbit liver, and, to a lesser extent, dog 
liver are the only ones of those studied which effect 
considerable hydrolysis of p-nitrobenzamide or benz- 
amide. The benzamidase activity of guinea pig, rat 
and cat livers is very slight. Enzymes which hydro- 
lyse asparagine, acetylglycine and acetanilide to a 
considerable extent are present in rabbit, guinea pig 
and rat livers. The glutaminase activity of rabbit 
liver is greater than that of the others and on the 
basis of distribution it might be considered identical 
with benzamidase. The distribution of activity in the 
kidney extracts is, however, different. Glutaminase 
is present in all the fresh extracts, whereas the 
benzamidase activity is feeble or absent. It seems 
reasonable to conclude that benzamidase is not 
identical with asparaginase and the deacetylases of 


Table 7. Enzymic activity of extracts of liver, kidney and brain 


(0 indicates negligible, ? low, + moderate and + + high activity.) 


p-Nitro- Acetyl- Acet- Hippuric Nicotin- Glycyl- DL- 
Substrate ... benzamide Benzamide Glutamine* Asparagine glycine anilide acid amide _ glycine Alanine 

Extract 

Rabbit liver ++ ++ ++ ++ ++ + 0 ? ++ 0 
Guinea pig liver ? ? = ++ ++ ++ 0 

Rat liver ? 4 ++ oe afer aps + 

Cat liver 0 ? + je + 

Dog liver ' ? sk 

Rabbit kidney + 0 ay 0 ok ? 9 ee 3 0 
Guinea pig kidney 0 0 + ++ ahh ? 0 

Rat kidney 0 0 ++ + $f ? ? 

Cat kidney ? 0 ++ 0 ++ ++ 

Dog kidney ++ ? 

Hog kidney (dried) ? 0 0 0 ++ + ik 

Horse kidney 0 0 ++ ? ks 

Rabbit brain 0 ++ 


* Spontaneous decomposition has been taken into account (see Bray, James, Raffan & Thorpe, 1949). 


Table 8. Enzymic activity of liver after various treatments 


(Symbols as in Table 7.) 


Effect upon 
—_A.__— 


= > 
p-Nitrobenzamide Benzamide Glutamine* Asparagine Acetylglycine Acetanilide 


Treatment of rabbit liver 


Fresh extract ++ ++ 
Acetone treatment ? 

Acetic acid precipitate ++ ++ 
Safranine precipitate ++ ++ 
Heated at 50° for $ hr. ++ 


Treatment of dog liver 
Fresh extract 
Acetone treatment 


* Spontaneous decomposition has been taken into account (see Bray, James, Raffan & Thorpe, 1949). 


+ + + + Ts — 
0 0 ++ 0 
++ ++ ++ 
+ + + + 
0 + + ++ 
? + + 
0 0 
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liver and kidney or with the glutaminase of kidney. 
Evidence for the non-identity of benzamidase and 
brain glutaminase is provided by the fact that brain 
extracts of high glutaminase activity do not hydro- 
lyze p-nitrobenzamide. 

Table 8 summarizes the effect of various treat- 
ments upon the enzymic activities of rabbit liver. 
The precipitation methods have clearly failed to 
distinguish between benzamidase, glutaminase and 
asparaginase, but acetone treatment and heating at 
50° have a more marked effect in reducing glutami- 
nase activity than that of benzamidase. This is in 
agreement with Archibald’s (1944) observation that 
glutaminase was almost completely destroyed by 
heating at 50° for half an hour and differentiates 
benzamidase from liver glutaminase. 

With regard to the possible identity of benz- 
amidase with hippuricase, we were unable to detect 
any hippuricase activity at either pH 5-9 or 7-4 in 
rabbit-liver extracts which showed strong benz- 
amidase activity. Further, a commercial prepara- 
tion of dried hog kidney which possessed considerable 
hippuricase activity failed to hydrolyze p-nitrobenz- 
amide or benzamide to any significant extent. In one 
experiment with horse kidney we were unable to 
detect under our conditions any hydrolysis of benz- 
amide; Waelsch & Busztin (1937) found hydrolysis 
of benzamide by glycerol extracts of horse kidney. 
We did not attempt to repeat these authors’ experi- 
ments on the synthesis of benzamide. 

The very feeble activity of rabbit liver towards 
nicotinamide suggests that nicotinic acid amidase is 

. not benzamidase. The experiments with glycylgly- 
cine showed that, whereas rabbit liver was very 
active in hydrolyzing this dipeptide, rabbit kidney, 
which had only feeble benzamide activity, was as 
active towards glycylglycine as was rabbit liver. 
This suggests that benzamidase differs from dipepti- 
dase. The failure of the rabbit-liver extracts to 
liberate ammonia from DtL-alanine may be in- 
terpreted as evidence against a deaminase being 
concernéd in the reaction. 

In a previous paper (Bray et al. 1948) we showed 
that, while pepsin and trypsin had no action on 
benzamide, commercial papain. (which had no 
dipeptidase activity towards EéEs\alycine) hydro- 
lyzed the amide to some extent. Cathepsin, which 
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is found especially in liver and kidneys, is stated 
to be inactive at pH 7-4, acting best between pH 4 
and 5. This renders it improbable that benzamidase 
activity is due to this protease. The amount of acid 
or ammonia liberated from our control digests was 
very small, indicating that there was little protease 
activity at pH 7-4. 

In view of the fact that exact quantitative com- 
parison of activities is not possible in experiments of 
this type, it seems justifiable to conclude that the 
enzyme benzamidase is not identical with any of 
those considered. 

Another point of interest arising from these experi- 
ments is the indication of the existence of two 
deacetylases, one acting upon acetylglycine and 
another upon acetanilide. In liver the distribution 
of the two enzymes is similar, except in the dog, which 
has little aliphatic deacetylase. In kidney, however, 
there is clearly greater aliphatic deacetylase activity, 
except in the case of the cat, which has also a high 
aromatic deacetylase activity. The distribution of 
the two enzymes in dog kidney is the reverse of that 
in the liver. This is in accordance with the suggestion 
made by several workers that the biological acetyla- 
tion processes for aromatic and aliphatic amino com- 
pounds are different since the dog is able to acetylate 
the latter but not the former (e.g. Stekol, 1938; 
Marshall, Cutting & Emerson, 1937). 


SUMMARY 


1. A study has been made of the enzymic 
activity of liver and kidney extracts from various 
animals towards benzamide, p-nitrobenzamide, 
asparagine, glutamine, nicotinamide, glycylglycine, 
acetylglycine and acetanilide. 

2. From the results obtained it appears probable 
that the enzyme responsible for the hydrolysis of the 
aromatic amides is not identical with any of those 
which attack the other substrates. 

3. There is evidence for the existence of distinct 
aliphatic and aromatic deacetylases. 


The authors’ thanks are due to the Royal Society for 
a Government Grant which defrayed part of the cost of this 
investigation. We are indebted to Miss M. R. Wasdell for 
assistance in some of the confirmatory experiments. 
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The Enzymic Hydrolysis of Glutamine and its 
Spontaneous Decomposition in Buffer Solutions 


By H. G. BRAY, SYBIL P. JAMES, ISABEL M. RAFFAN anp W. V. THORPE 
Department of Physiology, Medical School, University of Birmingham 


(Received 16 November 1948) 


The investigation of glutaminase activity reported in 
the preceding paper (Bray, James, Raffan, Ryman 
& Thorpe, 1949) led us to consider the nature of the 
products of the action of glutaminase upon gluta- 
mine. The evidence hitherto presented for these 
being glutamic acid and ammonia is indirect and 
based upon ammonia and amino-nitrogen estimations 
(e.g. Krebs, 1935; Archibald, 1944; Archibald & 
Hamilton, 1945). As far as we are aware, glutamic 
acid has not yet been isolated from the digests and 
characterized. Early in our present investigation it 
seemed possible that pyrrolidonecarboxylic acid 
might be a product of the reaction since there was 
a discrepancy between the percentage hydrolysis of 
glutamine brought about by tissue extracts as 
measured by formol titration (corrected) and by 
ammonia estimation. Such a result could be 
accounted for by the formation of pyrrolidonecar- 
boxylic acid, which would give rise to the liberation 
of ammonia without an equivalent increase in formol 
acidity : 








H,C CH, H,C CH, 
| | | 

0C —«CH(NH,).COOH-+ OC_~=——- CH. COOH. + NH, 
\NH, \NH/ 
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This would have been in accord with the hypothesis 
of Leuthardt (1940), which was, however, with- 
drawn owing to failure to isolate pyrrolidonecar- 
boxylic acid from digests. 

The present paper shows that, under certain con- 
ditions, pyrrolidonecarboxylic acid may be formed 
in glutamine digests as a result of spontaneous 
decomposition. 


EXPERIMENTAL 


The methods and materials used were the same as those 
described in the preceding paper (Bray et al. 1949). 

Estimation of amino N. Samples from the digests were 
deproteinized with sodium tungstate and H,SO,, and the 
amino N estimated in portions of the protein-free solution 
in the Van Slyke micro apparatus (reaction time 4 min.). 
Under these conditions 90% of the N of glutamine was 
liberated and 40% of the N of ammonia. (Hamilton (1945) 
found 38% under similar conditions.) Ammonia N was 
estimated on another portion and the appropriate correction 
made to the amino-N values. 


RESULTS 


Formol titration of glutamine, glutamic acid and 
pyrrolidonecarboxylic acid. The compounds were dis- 
solved in phosphate buffer pH 7-4. Glutamine and 


40 
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pyrrolidonecarboxylic acid in concentrations up to 
200 mg./100 ml. gave the theoretical titrations 
corresponding to one carboxyl group/mol. Glutamic 
acid, however, inconcentrations up to 300mg./100ml. 
gave consistently low titrations corresponding to 
77+3% of the theoretical, calculated as equivalent 
to two carboxyl groups. In enzyme studies the con- 
version of glutamine to glutamic acid is measured, 
so that the increase in titration corresponds to the 
formation of a second carboxyl group. The first 
carboxyl group of glutamic acid can be taken as 
titrating normally, as in glutamine, so that the second 
carboxy] group only titrated to an extent of 54+ 6%. 
This value has been used to ‘correct’ the formol 
titrations. A higher percentage of the theoretical 
titration could be obtained by increasing the pH of 
the end point by using thymolphthalein instead of 
thymol blue as indicator, but the end point with the 
digests was so difficult that consistent duplicates 
could not be obtained. The ethanol titration method 
(Harris, 1923) was not practicable, owing to the 
large dilution with ethanol required. 

Incubation of glutamine with tissue extracts. Ex- 
tracts of various tissues were incubated with gluta- 
mine in phosphate buffer at pH 7-4, and the extent 
of hydrolysis of the substrate estimated by both 
ammonia and formol methods. Table 1 shows some 
typical results. The formol values have been 
‘corrected’ as described above. It can be seen that, 
in experiments in which glutamine was rapidly and 
almost completely hydrolyzed by the very active 
brain extracts (Exps. 1 and 2), there was, con- 
sidering the unprecise nature of the correction, 
reasonable agreement between the formol and 
ammonia values. In short-term experiments with 
less active extracts (Exps. 3 and 4), in which hydro- 
lysis was far from complete, there was an indication 
that the ammonia values exceeded the formol values 
after 4-5 hr. to a significantly greater extent than 
after 1 hr. This is shown more clearly in the long 
experiments (nos. 5 and 6). In Exp. 5 almost com- 
plete decomposition was attained after 23 hr. as 
judged by the ammonia value, although the formol 
method indicated only 63% conversion. In Exp. 6 
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with a less active extract the ammonia value after 
22hr. was more than twice the formol value, 
although the extent of the discrepancy in the two 
experiments was the same (equivalent to 28 % of the 
glutamine). This amount was the same as that 
obtained when glutamine was incubated with boiled 
tissue extract (Exp. 7), and corresponded closely 
with the extent of the spontaneous decomposition 
of glutamine in phosphate buffer as described below. 


Table 1. Results of incubation of glutamine with 
extracts of various tissues in phosphate buffer 
pi 7-4 Percentage hydrolysis 

s' 
determined by 
agent eae ene ae 


Formol 
Exp. Time (‘corrected’) Ammonia 
no. Tissue (hr.) method method 
1 Rabbit brain 0-75 76 86 
4 76 88 
2 Rabbit brain 0-5 61 60 
2-5 81 90 
3 Rabbit kidney 0-5 ll 23 
15 39 43 
4 46 66 
4 Rabbit liver 0-67 9 14 
5 26 46 
5 Rabbit kidney 3°5 54 61 
23 63 91 
6 Rat liver 2 19 23 
+ 19 29 
22 19 47 
7 Rat liver (extract 2 0 5 
as in Exp. 6, 22 0 30 


heat-inactivated) 


Spontaneous decomposition of glutamine in buffer 
solutions. It is known that glutamine in neutral, 
weakly acid or alkaline solution is readily converted 
to pyrrolidonecarboxylic acid by heating at 100° 
(Chibnall & Westall, 1932; Vickery, Pucher, Clarke, 
Chibnall & Westall, 1935; Melville, 1935). This re- 
action at pH 6-5 and 100° is accelerated by the 
presence of phosphate (Hamilton, 1945). It seemed 
desirable, therefore, to examine the effect of keeping 
glutamine in a phosphate solution at 37°. 


Table 2. Spontaneous decomposition of glutamine in buffer solutions 


Glutamine in 


substrate 
pH Buffer (m) 2-5 hr 
7-4 Phosphate 0-005706 7-0 
7-4 Phosphate 0-01141 7-0 
7-4 Phosphate 0-02282 4:5 
7-4 Phosphate 0-01364 7-0 
6-8 Phosphate 0-01141 2-5 
8-0 Phosphate 0-01141 7-0 
7-4 Veronal-HCl 0-01370 0-0 
7-4 Veronal-HCl 0-02740 2-0 
Average for phosphate buffer, pH 7-4 6-5 
Average for veronal buffer, pH 7-4 1-0 


Percentage decomposition after 


5 hr. 10 hr. 20 hr. 40 hr. 
11-0 17-0 26-5 40-5 
9-2 12-4 26-0 41-0 
9-2 16-0 28-0 — 
12-5 20-3 32-0 46-5 
5-0 10-0 19-6 39-5 
12-5 22-0 37-0 56-8 
0-1 1-2 3-8 10-4 
3-0 5-0 8-8 14:8 
10-5 185 ° 28-0 43-0 
1-5 3-1 6-4 12-6 
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Solutions of glutamine were incubated in buffer 
solutions at 37-4°. Samples were withdrawn at 
intervals, and the extent of decomposition measured 
by estimation of ammonia; there was no increase in 
formol acidity. The results are given in Table 2. 

It is clear that on long incubation there is appreci- 
able decomposition of glutamine. This is greater in 
phosphate buffer, in which approximately 28% of 
glutamine is decomposed in 20 hr., than in a phos- 


phate-free buffer (veronal), in which only 6% is 


decomposed. The absence of increase in formol 
acidity suggests that pyrrolidonecarboxylic acid is 
the product. This we have confirmed by isolation of 
the compound from a solution of glutamine (400mg.) 
incubated in phosphate buffer (100 ml.) for 42 hr. 
The acid was extracted with ethyl acetate (cf. Wood- 
ward & Reinhart, 1942) and had m.p. 157-160°: 
melting point mixed with authentic pyrrolidone- 
carboxylic acid, 157—160°. 

Attempted isolation of end product of the action of 
liver extracts on glutamine. For these experiments 
short-term digests were used so as to avoid the com- 
plication of the formation of considerable amounts 
of pyrrolidonecarboxylic acid by spontaneous de- 
composition of glutamine. 

We were unable to detect any pyrrolidonecarboxy- 
lic’acid in our digests by the method used successfully 
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by Woodward & Reinhart (1942) for its isolation 
from digests of glutathione. Several estimations of 
the loss of amino nitrogen supported Krebs’s (1935) 
findings that glutamic acid and not pyrrolidone- 
carboxylic acid is formed. Attempts to isolate 
glutamic acid from glutamine digests have so far 
been unsuccessful, but paper chromatography (cf. 
Consden, Gordon & Martin, 1944) of the material 
extracted by n-butanol from such digests suggests 
that the product is indeed glutamic acid. We thus 
have no reason to dispute the conclusion of the 
earlier workers that glutamic acid is the principal 
product of the enzymic hydrolysis of glutamine. 


SUMMARY 


The nature of the products of the action of tissue 
extracts on glutamine has been examined. Whilst 
glutamic acid appears to be the main product, 
significant amounts of pyrrolidonecarboxylic acid 
may be present in long-term digests, owing to 
spontaneous decomposition of glutamine. 

The authors’ thanks are due to the Royal Society for 
a Government Grant which defrayed part of the cost of this 
investigation. We are indebted to Mr P. B. Wood for carrying 
out some of the amino-N estimations. We wish to thank 
Prof. H. A. Krebs, F.R.S., for providing a specimen of pure 
glutamine for comparison with our preparation. 
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The Effect of Various Diets on the Metabolism of Nicotinic Acid 
and Nicotinamide in the Rabbit 


By P. ELLINGER anp M. M. ABDEL KADER, Lister Institute of Preventive Medicine, London 


(Received 7 January 1949) 


It has recently been shown (Ellinger & Abdel Kader, 
1948, 1949) that nicotinic acid and nicotinamide are 
not metabolized in an identical manner by various 
mammalian species. Man, dog, cat and rat aminate 
nicotinic acid to nicotinamide and methylate the 
latter to nicotinamide methochloride, whilst the 
rabbit and guinea pig deaminate nicotinamide to 
nicotinic acid and eliminate small amounts of an 


unidentified compound which was provisionally 
called ‘pseudo nicotinamide methochloride’. Whilst 
the guinea pig eliminates nicotinic acid unchanged, 
the rabbit methylates part of it to trigonelline. It 
appears that the species which aminate nicotinic 
acid are omnivorous or carnivorous, while those 
which deaminate nicotinamide are strictly herbi- 
vorous. It appeared possible that these differences 
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are related to the type of diet and not to the 
constitution of the species. Im order to decide 
which was the real cause, the work described in 
this paper was carried out. Rabbits were chosen 
as test objects for the following reasons. It can 
be expected that a change in diet will affect the 
omnivorous less than the strictly herbivorous 
animals, and, among the latter, the rabbit has shown 
a more complex metabolism than the guinea pig. In 
addition, it is known that rabbits can be trained to 
eat meat (Aberhalden & Brahm, 1909). 
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regained 330 and 390 g., respectively, during the 
meat period and at the end their weights were 2730 
and 2753 g. respectively. At the end of the second 
cabbage period their weights were 2350 and 2420 g. 
respectively. Without extradietary intake of either 
acid or amide the only metabolites detected were 
nicotinic acid and ‘pseudo nicotinamide metho- 
chloride’ (Table 2), as was found in the earlier 
experiments (Ellinger & Abdel Kader, 1949). The 
amounts of nicotinic acid eliminated were lowest 
during the cabbage, somewhat higher during the oat 


Table 1. Protein, fat, carbohydrate, nicotinic acid and nicotinamide contents 
and caloric values of the diets used 


Diet Protein 
aS 
Type (g./day) (g./100g.) (g./day) 
Cabbage 200 1-6* 3-2 
Rolled oats 100 16-7* 16-7 
Meat meal + 50 64-2§ 32-1 36-35 
national bread 50 8-5]| 4-25 
Diet Calories 
Type (g-/day) (per 100g.) (per day) 
Cabbage 200 31-67 63-2 
Rolled oats 100 399-57 399-5 
Meat meal + 50 503-2 pen 376-6 
national bread 50 250-0)| 125-0 


* ¥rom Tibbles (1912). 


Fat Carbohydrate 
i re oF 
(g./100g.) (g./day) (g./100g.) (g-/day) 

0-3* 0-6 5-6* 11-2 
7-3* 7-3 66-2* 66-2 
26-4§ 13-2) 1. at = : 
1-2) ost 13-8 57-4I| sar} 28-7 
Nicotinic acid Nicotinamide 
(mg./day) (mg./day) 
0-204} 0-392 
0-530 0-720 
} 1-250t } 1-492t 


+ Calculated (protein, 4-0 cal.; fat, 9-3 cal.; carbohydrate, 4-0 cal.). 


{ Determined. 


§ Analysis supplied by Mr F. C. Hymas, Spratt Patent Ltd. 
|| From Medical Research Council (1945). 


EXPERIMENTAL 


Two male rabbits were kept in metabolism cages at 22-27°. 
The urine was collected every 24hr. and analyzed for 
nicotinic acid, nicotinamide, trigonelline and ‘pseudo nico- 
tinamide methochloride’ as described (Ellinger & Abdel 
Kader, 1949). The rabbits were fed on cabbage alone for 
3 weeks, on rolled oats for 4 weeks, on national bread and 
meat meal for 29 days and again on cabbage for another 
22 days. Oats, bread and meat meal were moistened with 
water. 

When the daily urinary output of the various metabolites 
was approximately constant for at least 5 days, nicotinic 
acid or nicotinamide (100 or 200 mg.) was injected intraperi- 
toneally at intervals of 3-5 days. The increase in metabolite 
elimination following the extradietary administration of the 
compounds was calculated by deducting the average daily 
predosing output from that found after administration of the 
compound. In all cases the predosing level was reached again 
after 24 hr. In two experiments choline chloride (0-15 g.) 
was injected intraperitoneally together with 0-2g. of 
nicotinic acid. 


RESULTS 


Both rabbits reacted similarly to changes in the diet. 
On the cabbage diet the rabbits kept their weight of 
2810 and 2850 g. respectively. They lost 540 and 
560 g. respectively, during the oat period; they 


and highest during the meat period, in accordance 
with the daily dietary intake of nicotinic acid and 


- Table 2. Daily urinary elimination of nicotamide 


metabolites by rabbits kept on different diets 


(Values for ‘pseudo nicotinamide methochloride’ are 
expressed in terms of nicotinamide methochloride.) (Neither 
nicotinamide, nicotinuric acid nor trigonelline were 


liminated. 
er Metabolites eliminated 


(mg./day) 
‘Pseudo 

Rabbit Nicotinic nicotinamide 

Diet no. Days acid methochloride 
Cabbage 1 5 0-793 0-501 
2 5 0-577 0-537 
Oats 1 5 0-992 0-565 
2 5 0-983 0-500 
Meat-bread 1 8 1-755 0-619 
2 8 1-770 0-645 


nicotinamide during each of these periods. The 
amount of ‘pseudo nicotinamide methochloride’ 
eliminated did not change markedly with the diet. 
Since the nature of this compound is unknown it 
could not be decided whether the output of meta- 
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bolites exceeded the intake of the compounds, 
indicating biosynthesis. 

As in the earlier experiments (Ellinger & Abdel 
Kader, 1949) on cabbage or oat diet extradietary 
nicotinic acid was nearly completely eliminated, but 
nicotinamide was eliminated to a much lesser extent, 
particularly after doses of 100 mg. The meat diet did 
not markedly affect the total metabolite output with 
the exception that after 100 mg. amide, output was 
considerably higher than on either of the other diets 
(Table 3). 


Table 3. Effect of diet on increase in the total urinary 
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Both the ability to methylate and deaminate were, 
therefore, affected during the meat period. To obtain 
information as to whether this was due directly 
to the kind of food taken, or to changes caused by the 
diet on the tissues responsible for the metabolism, 
the metabolism of both nicotinic acid and nicotin- 
amide was studied at different times after changing 
from the meat to the cabbage diet (Table 5). On the 
eighth day after the change, total output was still 
low, methylation was still absent and deamination 
as low as during the meat period. Methylation to 


elimination of nicotinamide metabolites (except ‘pseudo 


nicotinamide methochloride’) following the extradietary administration of nicotinic acid or nicotinamide 


(Figures are given as percentage of administered dose.) 


Total elimination 
_ 








rr oe 
Rabbit 1 Rabbit 2 

Compound — XN " aici eee 

administered ... Nicotinic acid Nicotinamide Nicotinic acid Nicotinamide 

Dose (mg.) 100 200 100 200 100 200 100 200 
Diet: 

Cabbage 99-1 93-0 23-5 78-4 81-7 95-1 28-1 . 70-5 

Oat 95-0 96-8 18-0 70-0 84-9 97-1 22-8 63-6 

Meat-bread 92-1 96-3 36-5 55:3 76-0 99-3 43-2 61-9 


Table 4. Effect of diet on increase in the urinary elimination of individual nicotinamide metabolites (except 
‘pseudo nicotinamide methochloride’) following the extradietary administration of nicotinic acid or nicotinamide 


(Figures are given as percentage of administered dose.) 


Metabolite eliminated (%) 
es 











= =—e 
Rabbit 1 Rabbit 2 
rf Nomen ‘ c —_A— = 
Compound administered Nicotinic acid Nicotinamide Nicotinic acid Nicotinamide 
¢ mi ~ c en Nein eS aa | ici emia ae a 
Dose (mg.) 100 200 100 200 100 200 100 200 
Metabolite 
eliminated Diet 
Nicotinic acid Cabbage 50-4 64-0 11-0 18-0 59-9 69-3 20-3 33-0 
Oats 45:3 62-4 9-5 17-2 63-7 74:3 17-9 30-3 
Meat-bread 92-1 96-3 14-1 7-8 76-0 99-3 16-0 12-7 
Nicotinamide Cabbage 0 0 2-6 17-7 0 0 0 0 
Oats 0 0 0-6 12-7 0 0 0 0 
Meat-bread 0 0 22-4 47-6 0 0 27-2 49-2 
Trigonelline Cabbage 48-5 29-0 9-9 42-7 25-8 25-7 7:8 36-6 
Oats 49-6 34-4 79 40-2 21-1 22-7 5-8 33-3 
Meat-bread 0 0 0 0 0 0 0 0 


On a cabbage or oat diet, nicotinic acid injection 
was followed by the output of nicotinic acid and 
trigonelline only ; this was also the case in one rabbit 
after nicotinamide injection, whilst the other elimi- 
nated in addition small amounts of unchanged 
nicotinamide (Table 4). During the meat period the 
results were very different, nicotinic acid was 
entirely eliminated as such and nicotinamide mostly 
unchanged, but to a small degree deaminated to the 
acid. Methylation was completely absent. There was 
no methylation either when choline was injected 
together with the acid. 


a reduced extent began again on the eleventh day, 
but methylation and deamination had not yet 
reached the pre-meat level on the sixteenth day 
of the cabbage diet. On the twenty-first day 
the pre-meat level was almost attained in both 
respects. 

The output of ‘pseudo nicotinamide metho- 
chloride’ after extradietary nicotinic acid admini- 
stration was hardly affected by the meat diet; that 
after nicotinamide application was, however, 2-3 
times higher during the meat than during the other 
periods. 
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Table 5. Changes in the urinary elimination of products of nicotinic acid and nicotinamide metabolism of 
rabbits on replacing the meat-bread by a cabbage diet following extradietary administration of the compounds 


(Nicotinic acid or nicotinamide (200 mg.) administered. Figures for elimination are given as percentage of administered 


dose. Column 2 denotes days after end of meat-bread period.) 


Metabolites eliminated 





Rabbit 1 Rabbit 2 
OOO OFT c ‘ 
Compound administered ... Nicotinic acid Nicotinamide Nicotinic acid Nicotinamide 
Total output 8th — 58-6 — 54-6 
lith 87-7 87:3 — 
16th -— 56-2 aes 63-3 
21st = 73-8 — 68-1 
Nicotinic acid 8th — 10-1 ~- 5-2 
eliminated llth 68-5 —- 73-4 — 
16th — 18-2 ee 29-0 
21st ~ 20-8 — 35-9 
Nicotinamide 8th — 48-4 _— 49-3 
eliminated llth 0 — 0 eae, 
16th = 13-6 — 7-6 
21st — 17-1 ams 0 
Trigonelline 8th — 0 _— 0 
eliminated llth 19-3 =. 13-9 — 
16th — 24-4 > 26-7 
21st -- 35-9 -— 32-2 


Table 6. Effect of diet on urinary elimination of ‘pseudo nicotinamide methochloride’ 
following extradietary administration of nicotinic acid or nicotinamide to the rabbit 


(The values of ‘pseudo nicotinamide methochloride’ are expressed in terms of nicotinamide methochloride.) 


‘Pseudo nicotinamide methochloride’ elimination (mg.) 








ee ee 
Rabbit 1 Rabbit 2 
Compound Aa ——s a ght ES 
administered ... Nicotinic acid Nicotinamide Nicotinic acid Nicotinamide 
Dose (mg.) are 100 200 100 200 100 200 100 200 
Diet: 
Cabbage 0-500 0-384 0-600 0-800 0-460 0-484 0-750 0-825 
Oats 0-480 0-456 0-651 0-680 0-432 0-405 0-600 0-660 
Meat-bread 0-575 0-488 1-920 2-011 0-600 0-501 1-230 1-698 
DISCUSSION Jebster, Clawson & Chesney, 1928; Webster & 


Two different effects of the three diets, cabbage, oats 
and meat-bread, were studied, i.e. that on body 
weight and that on nicotinic acid and nicotinamide 
metabolism. The caloric intake of the rabbits during 
the two cabbage periods was very low; but in spite 
of this the body weight remained constant on 
63 cal./day during the first of these periods. The 
basal metabolic rate of the rabbits, calculated 
_aecording to Evans (1945) using Meeh’s (1879) 
formula for the surface area, was 87 cal. The apparent 
adequacy of this low food intake might have been 
due to the high temperature of the room and the 
static conditions of the rabbits in the limited space 
of the metabolism cages or to a reduced metabolic 
rate caused by a possible goitrogenic effect of cabbage 
in rabbits (Chesney, Clawson & Webster, 1928; 


Chesney, 1928; Marine, Baumann & Cipra, 1929; 
Webster & Chesney, 1930; Marine, Baumann & 
Webster, 1930; Webster, Marine & Cipra, 1931). The 
far higher caloric intake of oats did not prevent a loss 
of body weight. Oats proved, therefore, to be in- 
adequate for the rabbit, whilst the meat-bread 
mixture was much better utilized. The inadequacy 
of the 63 cal. during the second cabbage period might 
be due either to an increased metabolic rate caused 
by the preceding oat or meat-bread diet or to a 
depletion of the rabbit during the oat and meat 
periods of an essential factor which could not be 
supplied in sufficient amounts by the small cabbage 
ration. 

The results of the three diets on the nicotinic acid 
and nicotinamide metabolism were different. Here 
feeding of oats after cabbage did not cause a marked 
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change, but feeding of the meat-bread mixture 
altered the metabolism essentially. No new function 
like amidation of nicotinic acid, characteristic of 
omnivorous species, was developed, but the ability 
to methylate was lost completely and that to 
deaminate was lost to a large extent when meat was 
fed. Both injected nicotinic acid and amide were 
found to .be eliminated mainly unchanged in the 
urine. The persistence of the change in metabolism 
long after the return to the cabbage diet shows that 
this alteration is not caused directly by the actual 
food administered, but is due to changes, caused by 
the diet, in the tissues responsible for methylation 
and deamination. In the rat, the methylation takes 
place in the liver (Perlzweig, Bernheim & Bernheim, 
1943; Ellinger, 1946, 1948), while the site of deamina- 
tion is unknown, but might be the kidney and brain 
which are able to carry out the amination of nicotinic 
acid (Elinger, 1946, 1948). From the fact that 
methylation is more quickly restored than deamina- 
tion, it might be concluded that the two functions 
are independent of each other. The most likely 
explanation of the effect of the meat diet on nicotinic 
acid and nicotinamide metabolism is a damage of 
enzymic systems involved in methylation and 
deamination caused either by the inadequacy of the 
animal protein or by the lack of an essential factor 
in the diet. 

The considerable increase in the output of ‘pseudo 
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nicotinamide methochloride’ after nicotinamide 
intake cannot be explained as long as the nature of 
this compound remains unknown. But this increased 
elimination may make it possible to collect sufficient 
amounts of this compound to study its nature. 


SUMMARY 


1. A change from a cabbage to an oat diet had 
relatively little effect on the metabolism of nicotinic 
acid and nicotinamide in rabbits. However, a 
change to a meat-bread diet suppressed the methy- 
lating mechanism completely, and the deaminating 
mechanism to a large extent; but no amidation of 
nicotinic acid as in omnivorous animals was de- 
veloped. Replacing the meat-bread by a cabbage 
diet restored the original metabolic condition within 
3 weeks. It is concluded that this altered metabolism 
is not due directly to the food fed, but to changes 
caused by the altered food intake on the tissues 
responsible for the metabolism. 

2. The body weight was affected by the three 
diets in different ways. 63 cal./day were sufficient 
to maintain weight on the cabbage diet, while 
400 cal. were insufficient on the oat diet, whilst with 
the meat-bread diet weight was gained with 380 cal. 


We wish to thank Messrs Spratts Patent, Ltd., for a 
generous gift of meat meal. 
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Biochemical and Endocrinological Research Department, Bristol Mental Hospitals 


(Received 20 December 1948) 


In the course of investigations concerned with the 
steroid metabolism of mental patients, attempts 
were made for therapeutic purposes to influence the 
pattern of daily excretion of 17-ketosteroids and of 
cortin. The effects thereby produced throw some 
light on the regulatory mechanisms governing 
steroid metabolism. The question of how these pro- 
cesses are related to the mental state will be dealt 
with in later papers. This communication is con- 
cerned with the biochemical investigations alone, 
and deals with the actions of dehydroisoandro- 
sterone and an anterior pituitary lobe extract. 


EXPERIMENTAL 


All the patients investigated were chronic schizophrenics in 
which the clinical picture was of similar form and duration. 
Estimations of the urinary 3(«)- and 3(8)-hydroxy-17-keto- 
steroids, total oestrogen and cortin were carried out before 
treatment, and were later repeated at least once after treat- 
ment had commenced. One group of patients was given 
intramuscular dehydroisoandrosterone (50 mg./injection dis- 
solved in 2-5 ml. ethyl oleate), and the other group was given 
Ambinon, a pituitary anterior lobe extract containing about 
50 i.u. gonadotrophic hormone and 100-200 Heye-Laqueur 
guinea pig units thyrotrophic hormone/ml. (1 ml./injection). 

All urines were stored at 0° without preservative, and 
worked up as soon as possible after completion of collection. 
Creatinine estimations were performed on every separate 
24 hr. specimen as a test for completeness; any specimens 
showing gross departures from the appropriate norm of daily 
excretion were rejected. 

17-Ketosteroid and oestrogen estimations. These were 
carried out on pooled 48 hr. specimens. A suitable portion 
(2-0-2-5 1.) of the urine was treated in the cold with 20 ml. 
conc. HCl/1., then brought to the boil and boiled vigorously 
for 10 min. After cooling, it was transferred to a large con- 
tinuous liquid-liquid extractor. Extraction with benzene 
was carried out for a minimal period of 12 hr., and the extract 
was then removed and worked up according to the pro- 
cedure of Callow, Callow, Emmens & Stroud (1939). 

After the benzene solution containing the neutral fraction 
had been separated, washed and dried over Na,SQ,, one 
fifth of the volume was taken and evaporated to dryness on 
an oil bath at 100° (the use of a water bath was avoided to 
prevent contamination by water), the last traces of benzene 
being removed bya vacuum pump. After redissolving in 5 ml. 
ethanol, the total 17-ketosteroids were estimated by the 


Zimmermann reaction, under the conditions described by 
Callow, Callow & Emmens (1938). Of the remaining keto- 
steroid solution in benzene, a portion containing 5 mg. was 
removed, evaporated to dryness, and separated into ketonic 
and non-ketonic fractions by a micro modification of the 
separation procedure employed by Callow & Callow (1938), 
using the Girard reagent T (13 mg. Girard reagent T in 
0-1 ml. glacial acetic acid were used for 5 mg. ketosteroid 
dissolved in 0-1 ml. acetic acid). The separated ketonic 
fraction was further separated into « and f fractions by 
digitonin precipitation as described by Frame (1944). 
17-Ketosteroid estimations were made on the whole ketonic 
fraction and on the separate « and f fractions. 

The phenolic fraction of the original benzene extract was, 
as usual, acidified, extracted with benzene, the extract dried, 
evaporated and finally brought into solution in arachis oil. 
The total oestrogen content was assayed by the rat method, 
using oestradiol as standard preparation, and is expressed in 
arbitrary ‘rat units’, one rat unit being equivalent to 
approx. 0-023 wg. oestradiol. The total activity of the 
extracts was insufficient to permit accurate statistical 
evaluation. 

Cortin estimations were carried out by an application of 
the method described by Heard, Sobel & Venning (1946), 
but the following modifications were introduced: (a) CHCl, 
was used as the extracting solvent, and (b) the urine was 
extracted continuously in the cold in an apparatus similar to 
that employed by Robinson & Warren (1948). The urine 
sample, after passing through the apparatus and collecting 
in a suitable vessel, was returned to the funnel and passed 
through the solvent again. This process was repeated until 
twenty such extractions had been made. By this means, the 
disadvantage of emulsion formation was completely avoided. 
Trial extractions with aqueous solutions of deoxycortico- 
sterone acetate confirmed that complete extraction could 
be effected in this way. (c) For the final estimation of the 
dried extract, the Hagedorn-Jensen estimation, as used by 
Hemphill & Reiss (1947) for blood cortin, was applied. For 
every batch of urines taken, a water blank was carried 
through simultaneously, to check the purity of the various 
reagents. 

Reagents. Benzene was purified from technical material. 
It was distilled once, then washed three times with water, 
dried over Na,SO,, allowed to stand several days (at least 
24 hr.) over alumina with occasional shaking, and finally 
distilled through a 6-pear column. 

Ethanol was dried by treating with Ca turnings, and then 
further purified by heating for lhr. with 10g./l. semi- 
carbazide acetate, and recovering. Acetic acid was purified 
by the method of Orton & Bradfield (1927). 
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Table 1. Daily excretion of steroids in urine of patients before and after hormone treatment 


17-ketosteroids 





oa nena a oe 
Non-ketonic Ketonic om B a in Bin Oestrone 
Patient and Total fraction fraction fraction fraction ketonic ketonic Cortin (rat units/ 


Date (mg./24hr.) (mg./24hr.) (mg./24hr.) (mg./24hr.) (mg./24hr.) (%) (%) (mg./24 hr.) 24hr.) 


clinical diagnosis 
A. Patients treated with dehydroisoandrosterone 


¢ | 1. N.E.H., chronic 29. v. 48 4:7 2-0 2-7 2-25 0-45 83-5 16-5 1-19 <3 
| schizophrenia 29. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
5. vi. 48 14-7 2-1 12-6 9-5 3-1 75-3 24-7 0-84 <3 
2. M.G.H.,chronic 29. v. 48 7-6 2-3 5-3 4-4 0-90 83-3 16-7 1-19 <3 
schizophrenia 29. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
5. vi. 48 25-2 4-0 21-2 14:8 6-4 69-7 30-3 0-99 — 
y 3. P.F., chronic 29. v. 48 6-4 1-78 4-62 4-02 0-6 86-5 13-5 0-94 <3 
. schizophrenia 29. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
5 5. vi. 48 34-5 9-1 25-4 24-3 1-1 95-5 4-5 1-8 = 
c «=|. 4. L.F., chronic 28. iv. 48 8-6 2-0 6-6 5-1 1-5 77-5 22-5 1-4 <4 
e schizophrenia 29. v. 48 8-3 2-5 58 4-5 1-3 77-2 22-8 1-38 <3 
: 29. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
. 5. vi. 48 39-7 1-7 38-0 30-4 7-6 79-9 20-1 1-26 -- 
1 5. W.C.T., chronic 24. v. 48 7-1 1-7 5-4 3-6 1-8 65-8 34-2 1-42 3 
; catatonic 27. v. 48 Commenced daily injections of 50 mg. dehydrotsoandrosterone 
, schizophrenia 1. vi. 48 13-6 2-1 11-5 7-33 4-17 63-7 36-3 2-60 — 
: 6. G.R.B., 25. v. 48 5-0 1-55 3-45 2-53 0-92 73-3 26-7 15 3 
: catatonia 27. v. 48 Commenced daily injections of 50 mg. dehydrotsoandrosterone 
| 1. vi. 48 20-8 3-0 17:8 13-7 4-04 77-3 22-7 1-61 — 
; % DT 25. v. 48 5-4 3-04 2-36 2-18 0-18 92-3 7-7 0-96 4 
catatonia 27. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
1. vi. 48 15-3 3-7 11-6 7-9 3-7 67-8 32-2 0-86 3 
9. vii. 48 18-7 3-5 15-0 12-1 2-9 81-0 19-0 2-31 12 
15. vii. 48 21-8 3-0 18-8 15-5 3-3 82-4 17-6 1-07 4 
11. viii. 48 Injections stopped 
24. ix. 48 6-8 1-6 5-2 4-56 0-64 87-6 12-4 = — 
8. R.C.D., chronic 25. v. 48 10-4 3°25 7-15 5-55 1-60 77-4 22-6 0-82 4 
schizophrenia 27. v. 48 Commenced daily injections of 50 mg. dehydroisoandrosterone 
1. vi. 48 27-3 5-1 22-2 14-7 7-5 66-2 33-8 1-93 12 
: 6. vii. 48 32-8 1-6 31-2 20-6 10-6 66-0 34-0 3-6 8 
15. vii. 48 39-3 8-1 31-2 20-7 10-5 66-2 33-8 2-1 4 
11. viii. 48 Injections stopped 
24. viii. 48 9-3 3-1 6-2 5-9 0-30 95-8 4-2 1-54 -— 
B. Patients treated with Ambinon 
9. J.E.D., simple 26. iv. 48 11-4 2-0 9-4 8-08 1-32 86-0 14-0 1-53 3 
schizophrenia 1. vii. 48 6-9 0-7 6-2 5-37 0-83 86-6 13-4 1-60 = 
| 6. vii. 48 Commenced daily injections of Ambinon 
10. vii. 48 11-7 2-0 9-7 9-22 0-48 95-1 4-9 1-32 — 
17. vii. 48 5-9 1-6 4-3 3-98 0-32 92-5 7-5 24 
22. vii. 48 Injections stopped 
26. viii. 48 75 2-3 5-2 4-8 0-40 92-3 a — <3 
10. E.K., paranoid 23. vi. 48 13-7 3-4 10-3 7:3 3-0 71-0 29-0 1-63 o- 
: | schizophrenia 29. vi. 48 13-5 2-8 10-7 8-2 2-5 76-8 23-2 1-59 8 
6. vii. 48 Commenced daily injections of Ambinon 
| 10. vii. 48 19-1 4-2 14-9 11-8 3-1 79-0 21-0 1-46 24 
17. vii. 48 17-8 2-6 15-2 12-1 3-1 79-4 20-6 —_ 24 
16. viii. 48 12-9 3-1 9-8 6-5 3-3 66-0 34-0 — —- 
22. viii. 48 ; Injections stopped 
27. viii. 48 15-2 4:3 10-9 8-4 2-5 76-5 23-5 — 6 
ll. J.A.L., chronic 5. v. 48 5-1 0 5-1 3-6 1-5 69-9 30-1 0-94 4 
schizophrenia 12. v. 48 6-3 2-6 3-7 3-39 0-31 91-7 8-3 0-83 — 
12. vi. 48 7-6 3-2 4-4 3-91 0-49 88-8 11-2 1-03 6 
14. vi. 48 8-9 4-0 4-9 4-74 0-16 . 96-7 3-3 0-93 — 
27. vi. 48 Commenced daily injections of Ambinon 
6. vii. 48 4-1 1-3 2-8 2-64 0-16 94-2 58 1-15 + 
15. vii. 48 2-4 — _ — — — — 0-44 4 
12. A.J.A., chronic 29. vi. 48 16-2 4:3 11-9 11-03 0-87 92-7 7:3 2-00 no response 
schizophrenia 6. vii. 48 Commenced daily injections of Ambinon 
10. vii. 48 9-0 2-9 6-1 5:7 0-40 93-7 6-3 1-54 >6 
6-6 cus a 


17. vii. 48 5-1 13 3-8 3-55 0-25 93-4 
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RESULTS 


The results for the whole series of estimations are 
recorded in Table 1. It will be seen that the admini- 
stration of the 3(8)-hydroxy-17-ketosteroid dehydro- 
tsoandrosterone caused a considerable rise in the 
excretion of the « fraction of 17-ketosteroids in all 
of the eight patients receiving this preparation. In 
every case, except one, the f fraction was also 
increased; but not to the same extent as the 
«fraction. Cortin was increased in three cases (nos. 3, 
7 and 8) and total oestrogen was increased in two 
cases (nos. 7 and 8). 

Ambinon caused a reduction in the « fraction of 
17-ketosteroids, accompanied in most cases by a 
definite rise in total oestrogen. No marked changes 
in cortin excretion were seen in these cases. 


DISCUSSION 


The remarkable increase in the excretion of « fraction 
of 17-ketosteroids following administration of de- 
hydroisoandrosterone may be compared with similiar 
phenomena reported by other workers. Dorfman, 
Wise & Shipley (1948) demonstrated increased 
3(«)-hydroxy-17-ketosteroid excretion in one patient 
after the injection of a 3(8)-hydroxy-17-ketosteroid 
(zsoandrosterone). Mason & Kepler (1947) also 
studied the ketosteroid excretion of two patients 
suffering from Addison’s disease who received over 
1000 mg. of dehydrotsoandrosterone during 12 days, 
administered while the adrenal insufficiency was 
controlled by treatment with deoxycorticosterone 
and sodium chloride. Subsequent examination of 
the urine revealed no dehydroisoandrosterone, but 
only androsterone, aetiocholanolone, and other 
3(«)-hydroxy-ketosteroids, which accounted for 43 
and 19 % respectively of the injected hormone. These 
authors assumed that dehydroisoandrosterone is the 
precursor of the «-steroids mentioned, under normal 
conditions. It is, however, debatable whether this 
increase of a-steroid excretion is due to a direct 
chemical conversion of the f-steroid, as Dorfman 
et al. (1948) and Mason & Kepler (1947) assume. One 
has to account for the fact that the 50 mg. dehydro- 
dsoandrosterone injected daily resulted in increases 
of total ketonic fraction in the range of 12-64% of 
the injected dose only in the first days after com- 
mencing the dosage. Moreover, the simultaneous 
increase of cortin excretion in three cases and of total 
oestrogen in two cases are hardly to be accounted for 
by a purely chemical mechanism. Little is known as 
yet about the physiological action of dehydroiso- 
androsterone on the gonads or adrenals, but it is 
feasible that a stimulation of the adrenal cortex or 
gonadal elements by this substance may have taken 
place ; a more detailed examination of this possibility 
well be of considerable clinical 


may prove to 


importance. 
The remarkable increase in cortin excretin in one 
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case, and the slight but significant rise in two cases 
might point to some stimulatory influence on the 
production of C,, steroids. It is known that injection 
of deoxycorticosterone brings about a reduction in 
adrenal cortical function, with decreased hormone 
production. Since dehydrotsoandrosterone is pro- 
duced for the most part in the adrenal cortex, it is 
possible that in some patients the endogenous pro- 
duction is reduced when the compound is admini- 
stered, thereby increasing the availability of the 
natural precursor for the production of C,, steroids. 
It is possible that competition between production 
of dehydroisoandrosterone and of cortin may exist; 
a regular inverse relationship between cortin 
excretion and f-steroid excretion has in fact been 
observed in these laboratories in a patient showing 
cyclic changes of activity and depression (full 
details of this work will be published later). During 


depression the B-steroid excretion was increased, and - 


the cortin excretion decreased, and the reverse 
tendency was shown during normal and maniacal 
phases. In this connexion it is of some interest to 
note that the patient who showed the greatest rise 
in cortin excretion after dehydroisoandrosterone was 
the only one who showed complete mental improve- 
ment, with subsequent discharge from hospital. 

Regarding the decreased «-steroid excretion (which 
was preceeded in two cases by an increase) brought 
about by Ambinon, it may be assumed that this is 
due to the gonadotrophic fraction contained in this 
preparation. Previous work (Carreyett, Golla & 
Reiss, 1945) has shown that gonadotrophic hormone 
prepared from pregnant mare serum decreases the 
total ketosteroid output in patients, and depletes 
the lipid content of rat adrenals, after several days’ 
treatment. It is thus evident that dehydroiso- 
androsterone and Ambinon produce opposite effects 
on the excretion of 3(«)-hydroxy-17-ketosteroids. 
It remains to be seen, however, to what extent they 
are antagonistic in the strict sense. 


SUMMARY 


1. Administration of dehydrotsoandrosterone pro- 
duced in several mental patients a marked rise in the 
excretion of the 3(«)-hydroxy-17-ketosteroids. In- 
creases of cortin and of oestrogens were noted in a 
few cases. 

2. The anterior pituitary-lobe extract, Ambinon, 
produced -a net fall in the excretion of the 3(«)- 
hydroxy-17-ketosteroids, usually accompanied by 
a rise in total oestrogen excretion. 

3. Possible mechanisms for the changes de- 
scribed above are discussed. 


The authors wish to acknowledge their indebtness to 
Organon Laboratories Ltd., for supplies of dehydroisoandro- 
sterone and Ambinon preparations, to Messrs W. G. Warren, 
D. J. Dell and Miss B. Binham-for technical assistance, and 
to Mr F. Knight for valuable co-operation in the collection of 
urine specimens. 
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The Use of the Waring Blender in Biochemical Work 


By ROSA STERN anp L. H. BIRD 
Wheat Research Institute, Christchurch, New Zealand 


(Received 2 July 1948) 


In recent years the Waring blender has found wide- 
spread application in biochemical work, owing to the 
ease and speed with which it disintegrates all sorts 
of heterogeneous materials into uniform suspensions. 
It is surprising that the literature contains no 
reference, so far as the authors are aware, to possible 
harmful effects of treatment in the Waring blender 
on the properties of biological material. Several 
workers seem to have noticed that the intense 
aeration occurring in operating the blender causes 
oxidation of reducing substances. This can be 
gathered from the fact that they use the blender in 
vacuo or in an atmosphere of inert gas. However, no 
definite information on this point seems to have been 
published. A further possibility of damage to bio- 
logical material might be anticipated, viz. denatura- 
tion of proteins and hence inactivation on enzyme 
systems through intensive agitation. 

While carrying out experiments on the reducing 
matter and oxidizing enzymes of wheat germ and 
other mill streams, the authors found that even 
short treatment in the Waring blender greatly 
affected these systems. The present paper describes 
these findings which were first reported at the New 
Zealand Science Congress held in Wellington in 1947. 
In the meantime Quinlan-Watson & Dewey (1948) 
reported inactivation of cytochrome c oxidase caused 
by treating animal tissue in the Waring blender. The 
main work on oxidizing enzymes of wheat will be the 


subject of separate papers. 


EXPERIMENTAL 


Quantitative evidence for the effect of the Waring blender 
on suspensions of various mill streams comes from the 
following experiments. 


Effects of the Waring blender on reducing matter 


Suspensions of wheat germ (e.g. 1 part germ and 11 parts 
of water) were made (a) by grinding with sand and water in 
a mortar, (6) by treating in the Waring blender, and (c) by 
boiling for 2 min. In the blender, the temperature of a 250 g. 
suspension rose by 18° within 5 min. owing to the generation 
of heat by friction. To avoid injurious increases of temper- 
ature on treating the suspensions for more than 5 min. they 
were cooled after 5 min. stirring, or ice water was used for 
making them. 
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Fig. 1. Changes ofreducing matter in wheat-germ suspensions 
obtained A, by grinding with sand; B, by 5 min. treatment 
in the Waring blender; C, by boiling and allowing to stand 
at 40° for several hours. 


The suspensions were then kept in a water bath at 40°, and 
samples for determination of reducing matter were with- 
drawn at various intervals. The results were expressed as 
ml. 0-01N-I, solution/g. of germ. The changes of reducing 
matter with time are shown in Fig. 1. These graphs in the 
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first place demonstrate that treatment in the Waring blender 
caused oxidation of the bulk of the reducing matter present 
in wheat germ. 

Fig. 1 (curve A) shows that in the sand-ground suspension 
there is an initial increase and a subsequent decrease of 
reducing matter. Both are due to enzyme action: they do not 
occur in boiled suspensions (curve C). The increase is 
probably the effect of a protease liberating thiol groups, the 
decrease that of an oxidizing enzyme mechanism. Curve B 
(suspension treated in Waring blender) closely resembles 
curve C (heated suspension) except that it is on a lower level. 
It seems to indicate that treatment in the Waring blender 
destroyed enzyme activities responsible for the liberation 
and oxidation of reducing matter (shown by curve A). 

Sullivan, Howe & Schmalz (1936) found that wheat germ 
contains GSH which causes the severe damage, well known 
to cereal chemists, accompanying the inclusion of wheat 
germ in doughs. Hullett & Stern (1941) and Smith & Geddes 
(1942) showed that GSH could be eliminated from wheat 
germ by fermentation, and that such pre-fermented wheat 
germ had no adverse effect on the doughs. The elimination 
of GSH by fermentation, indicated by negative reaction 
with sodium nitroprusside, takes several hours; treatment 
in the Waring blender achieved the same result within 5 min. 
A wheat-germ suspension stirred in the Waring blender for 
5 min. gave a negative reaction with nitroprusside and was 
quite harmless when included in the dough. This rapid 
oxidation of the thiol groups is due to an enzyme mechanism 
which requires the presence of O,. No comparable oxidation 
takes place in a boiled germ suspension treated in the blender. 


Effect of the Waring blender on dehydrogenase activity 


The dehydrogenase activity of wheat-germ extract made 
from 1 part of germ and 5 parts of water, measured by the 
Thunberg technique at 30°, dropped from a decoloration 
time of 20 min. for the untreated sample to one above 4 hr. 
for a sample treated in the Waring blender for 2 min. 


Effect of the Waring blender on ascorbic acid oxidase activity 


The discovery of ascorbic acid oxidase in wheat flour by 
Melville & Shattock (1938) was confirmed by Sandstedt 
& Hites (1945) who also observed that ascorbic acid oxidase 
was responsible for the oxidation of the thiol groups present 
in wheat flours. 

In experiments on the determination of ascorbic acid 
oxidase activity in various mill streams, the following 
technique was used: Mill stream (10 g.) was suspended in 
170 ml. of 0-2m-phosphate buffer of pH 6-5 and digested at 
30° for 0-5 hr. The suspension was shaken every 10 min. 
Ascorbic acid solution (20 ml., containing 20 mg. ascorbic 
acid and 20 mg. HPO,) was added so as to make a total of 
200 g. of suspension. Immediately after adding the ascorbic 
acid a sample of 20 g. was removed for determination of 
reducing substances. The remainder of the suspension, still 
kept at 30°, was aerated with a strong current of air which 
was stopped after exactly 20 min. Previous experiments had 
shown that the oxidation over the initial 20 min. was linear. 

A vigorous air stream is necessary to ensure good replica- 
tion of results. After 20 min. aeration a second sample of 
20 g. was removed from the reaction mixture. Both samples, 
immediately after being taken, were deproteinized with 2 ml. 
of 10% (v/v) H,SO, and 2 ml. of 12% sodium tungstate, 
made up to 200 g. and centrifuged at 2000 rev./min. Previous 
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experiments had shown that if mill streams were depro- 
teinized under these conditions ascorbic acid could be 
recovered quantitatively, and the centrifugates were clearer 
than those obtained with HPO,. 

To 50 ml. of the supernatant (corresponding to 0-25 g. of 
flour) were added 5 ml. of 0-002 N-I, solution and the excess 
was back-titrated with 0-002N-Na,S,0,. The difference 
between the readings before and after aeration, expressed in 
ml. 0-01 N-I, solution/g. flour, was taken as a measure of 
ascorbic acid oxidase activity of the flour suspension. It was 
found that all readings were replicable, with a standard 
of +0-05 ml. 0-01 N-I, solution (corresponding to roughly 
2% of the initial reading), and that the initial reading 
corresponded to the sum of added ascorbic acid'and reducing 
matter present in the flour. 

When wheat-flour suspension was treated in the Waring 
blender for 2 min, and then tested for ascorbic acid oxidase 
activity as described above, the results differed greatly from 
those obtained with a control prepared by 0-5 hr. digestion 
at 30° (Table 1). 


Table 1. Oxidation of ascorbic acid in untreated 
and Waring blender-treated flour suspensions 


(Reducing substances in 50 ml. of supernatant from flour 
suspensions (corresponding to 0-25 g. flour + 0-5 mg. ascorbic 
acid) were determined before and after aeration. Results are 
expressed as ml. 0-01 N-I,/g. flour. The difference between 
results before and after aeration is a measure of the oxidation 
of ascorbic acid occurring during aeration. 

Duplicate determinations were carried out on a control 
suspension prepared by digestion for 30 min. and on a 
suspension prepared by 2 min. treatment in the Waring 


blender. 
ae! Control suspension Suspension prepared 


prepared by by 2 min. treatment 


digestion in Waring blender 
(ml. 0-01 n-I,/g.) (ml. 0-01 n-I,/g.) 
Initial reading 2-41, 2-37 2-15, 2-00 
Final reading 1-95, 1-93 1-24, 0-76 
Difference 0-46, 0-44 0-91, 1-24 


A comparison of columns 2 and 3 shows the following 
effects of treatment in the Waring blender: (1) duplicate 
determinations give widely varying results; (2) the initial 
readings are lower than 2-27 ml., which is the value corre- 
sponding to the added ascorbic acid; (3) differences between 
initial and final readings are much larger than in the control. 
These three effects of treatment in the Waring blender 
correspond exactly to what happens when ascorbic acid 
oxidase in a flour suspensionis destroyed by high temperature 
or pH. Under these conditions the enzyme mechanism 
breaks down and is superseded by aerial oxidation. It seems 
very probable, therefore, that treatment in the Waring 
blender destroyed ascorbic acid oxidase. 


Other effects of the Waring blender 


Fresh wheat-germ suspensions have a bright yellow colour. 


‘On oxidation they assume a greyish white hue, and later, 


particularly on acidification, turna deep purple on the surface 
and wherever else they are in contact with air as on the walls 
of included air bubbles. Suspensions treated in the Waring 
blender never proceeded beyond the greyish white stage. 
It was thought that tyrosinase or peroxidase might be 
responsible for the darkening effect. Tyrosinase determina- 
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tions by the chronometric method of Miller & Dawson (1941), 
showed that wheat germ contains no measurable amount 
of tyrosinase. Peroxidase, on the other hand, was present 
and qualitative reactions with guaiac and with benzidine, 
remained positive even after wheat-germ suspensions had 
undergone 13 min. treatment in the Waring blender. This 
behaviour of wheat peroxidase is in keeping with the high 
resistance of peroxidases from various sources to conditions 
which are injurious to other enzymes, e.g. high temperature. 
The fact that wheat peroxidase survives treatment in the 
Waring blender would seem to indicate that the darkening 
effect is not due to peroxidase action since failure to darken 
after treatment is not connected with destruction of 
peroxidase. It is to be assumed, however, that peroxidase 
is only one member of a more complex enzyme mechanism 
which may provide H,O, necessary for peroxidase action. 
For this reason failure to darken might be due to the break- 
down of some other part of this enzyme mechanism. An 
investigation of the darkening effect is in progress. 


DISCUSSION 


Potter & Elvehjem (1936) described a device for 
grinding tissue material, and reported that enzyme 
inactivation occurred on dilution of the ground 
material. According to their explanation, dilution 
causes the coenzyme concentration to drop below 
the level necessary to maintain enzyme activity. 
This explanation does not apply to the enzyme 
inactivations reported in the present paper. While 
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Potter & Elvehjem compare suspensions of different 
concentrations the present paper deals with suspen- 
sions of equal concentration, but obtained by 
different means, viz. by grinding with sand in one 
case and by treatment in the Waring blender in the 
other. 

The Waring blender, with its speed of about 
10,000 rev./min. is far more likely to cause protein 
denaturation than the grinder used by Potter & 
Elvehjem (1936), with its much lower speed. The 
present authors suggest that, while in their experi- 
ments oxidation of activating thiol groups may have 
been responsible for the inactivation of certain 
enzyme systems, the main damage caused by the 
Waring blender was perhaps enzyme destruction 
due to protein denaturation. 

The experiences reported above make it justifiable 
to sound a note of caution with regard to the Waring 
blender and similar homogenizers, and to recommend 
restricting their use to applications which do not 
involve inactivation of enzymes or in which such 
inactivation does not matter. 


SUMMARY 


Treatment of mill stream suspensions in the Waring 
blender caused oxidation of thiol groups and in- 
activation of enzyme systems. 
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A Mercury Gasometer for the Preparation of Gas Mixtures 


By E. F. HARTREE anp C. H. HARPLEY, Molteno Institute, University of Cambridge 


(Received 23 November 1948) 


The need for a means of preparing gas mixtures 
containing accurately known proportions of carbon 
dioxide arose during manometric studies of tissue 
metabolism. The measurement of glycolysis in terms 
of CO, liberated from a bicarbonate buffer requires 
an atmosphere containing a small proportion of 
CO, , and cylinders of nitrogen and oxygen containing 
5% of CO, are commercially available. When, how- 
ever, different concentrations of CO, or mixtures of 
CO, with more than one other gas are required, one 
of the following methods must be employed: 


(1) A continuous-flow method in which flowmeters 
measure the rate of delivery of the individual gases. 
(2) Collection of the gases, in a graduated Marriotte 
bottle or other container, over a saturated salt 
solution in which gases are generally less soluble. 
(3) Preparation of the gas mixture in a pressure 
vessel fitted with a gauge. (4) Collection of the gases 
in a graduated vessel over mercury. 

The flowmeter method is unreliable since the pro- 
portions in the mixture will vary widely with changes 
both in individual gas pressures and in resistance to 





638 E. F. HARTREE AND C. H. HARPLEY . 1949 


flow. The drawbacks in the use of saturated salt great a pressure will be applied to the apparatus, and 
solutions are crystallization in tubes and taps, and furthermore some gases (e.g. CO), are not generally 
the ‘creep’ of the salt. In any case the solubilities of | available under pressure for filling the vessel. On the 





™ 


see te 
Re 





Fig. 1. 


different gases in such solutions are still high enough _ other hand, a graduated mercury gasometer permits 
to preclude the precise preparation of gas mixtures. gas mixtures to be made up with accuracy and to be 
With a pressure vessel there is always a risk that too delivered under a controlled pressure. 
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APPARATUS 


The mercury gasometer (Fig. 1) consists of two identical 
graduated Pyrex glass mixing cylinders of 1500 ml. capacity 
each connected by reinforced rubber tubing, through a 2-way 
glass tap, to two arms ofa glass T-piece. The third arm of the 
T-piece is connected to a glass reservoir of just over 1500 ml. 
capacity. At the top of each cylinder is a 3-way tail-pattern 
tap and the upper half of the cylinder, which is 4-3 cm. in 
external diameter, is graduated from 0 (at the tap) to 300 ml. 
at intervals of 15 ml. The lower half is somewhat wider 
(7-5 em. diameter) and 100 ml. graduations are continued 
down this section to the 1500 ml. mark which is at the upper 
end of the neck to which the reinforced rubber tubing is 
attached. The distance between the 1500 ml. graduation and 
the top is 63 cm. The neck rests within a fibre ring which fits 
into a hole in the lower steel plate of the cylinder carrier. 
The reservoir is similarly supported in a fibre ring (FR). 
The framework within which the glass parts are supported 
was manufactured in mild steel and consists of a base plate 
(BP), 30-5 x 40-5 x 1-0 cm., to which are bolted five per- 
pendicular 20 mm. diameter rods (R,, R,). The upper ends 
of these rods are bolted to a top plate (7'P) which is cut away 
so as to permit the upper parts of the glass vessels to pass 
through. The distance between top and base plates is 107 cm. 
To the top plate are bolted two pulley supports (PS) each 
carrying a pair of grooved pulleys. Over each pair of pulleys 
passes a stranded steel cable (2 mm. in diameter), one end of 
which is attached to a steel carrier in which glass parts are 
supported while the other end winds around an 8 cm. 
diameter flanged pulley (Pu). These flanged pulleys are 
mounted on an extension to the pinion, or driven, shaft of 
two tennis-net winders (7'e) bolted to the base plate. In 
order to reduce the strain on the winder bearings, the shaft 
extensions are supported in extra bearings (Be). The two 
glass mixing cylinders are supported on the fibre rings within 
a carrier consisting of two horizontal, 5 mm. thick, steel 
plates (P) which are separated by three 26 cm. lengths of 
steel tube about 22 mm. internal diameter. The rods R, pass 
through these tubes and act as guides when the carrier is 
raised or lowered. In the upper plate are two holes to take 
the cylinders and in the lower plate are two smaller holes into 
which fit the fibre rings. The steel cable passes down through 
a small hole in the upper plate and is retained by means of 
a terminal blob of hard solder. The other end of the cable is 
retained in the same way on the flanged pulley. The carrier 
for the reservoir is similarly built up on two 23 em. lengths 
of steel tube moving along the rods R,. It incorporates 
a stirrup above the upper plate consisting of two 13 cm. 
threaded rods to which is screwed by means of milled nuts 
a horizontal | section bar (Ba). This bar, to which the steel 
cable is attached, has a hole at one end for the threaded rod 
and a slot at the other so that it may be swung aside when it 
is necessary to add mercury or to remove the reservoir. Each 
of the five steel rods (R,, R,) carries two collars (Co) with set 
screws which are fixed so as to limit the travel of the carriers. 
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If these are raised too far when rubber tubing is attached to 
the tail-pattern taps there is a risk of breakage should the 
tubing become strained as it passes through the top plate. 
On the other hand, if the carriers are allowed to zo too low 
a strain is thrown on the mercury-containing rubber tubes 
attached to the lower outlets of the glass vessels. 

The connexions between the three vessels are made with 
canvas interlined rubber tubing of 10 mm. internal diameter. 
This gives a tight fit over the necks of the glass vessels which 
are drawn out to 10 mm. diameter with a bulge to 11 mm. 
The glass T-piece (7) and pressure taps (PT7’) are screwed 
down by means of saddles to strips of wood bolted to the base 
plate. These strips are thick enough (2-5 cm.) toaccommodate, 
when suitably drilled, the projecting spring-loaded barrels 
of the taps of the type used in the Van Slyke apparatus. By 
means of these taps it is possible to isolate one or both of the 
mixing cylinders from the reservoir. This layout was adopted 
since it appeared impracticable to have two reservoirs and 
a double charge of mercury. The present design requires 
22 kg. mercury. 

The rubber-to-glass joints are bound with insulating tape 
and copper wire; this procedure eliminates the risk of splits 
in the rubber tubing. Only after 12 years was it found 
necessary to replace the tubing on account of its decreasing 
pliability. The only other ‘servicing’ that the apparatus 
requires is lubrication of the bearings and of the steel cables 
which should be occasionally rubbed with soft paraffin 
(‘ Vaseline’). 

The gasometer is mounted on a wheeled angle-iron trolley 
by means of bolts passing through the base plate and through 
a similar plate, 65 cm. from the ground, which forms the top 
of the trolley. A drain plug (DP) facilitates the collection of 
spilled mercury. 


USES OF THE GASOMETER 


Inaddition to its value for the preparation of mixtures 
of water-soluble gases, the apparatus serves well for 
making up gas mixtures whenever a higher accuracy 
is required than can be obtained over water where 
a certain gas exchange between the two phases is 
inevitable. Itis thus of great advantage in preparing, 
by serial dilutions, a mixture containing a very small 
proportion of one constituent (e.g. CO in O, for 
haemoglobin studies). The gasometer is also useful 
for the storage of highly purified gases or of gases, 
such as nitric oxide, which react with water or with 
oxygen. 


SUMMARY 


A description is given of a mercury gasometer in 
which two gas mixtures of up to 1500 ml. in volume 
can be accurately made up. 
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p-Aminomethylphenyl methyl sulphone see V335 

Amino nitrogen, bound, in portal blood after protein 
ingestion (Dent, C. E. & Schilling, J. A.) 318 

o-Aminophenol, conjugated, in aniline urine (Smith, J. N. 
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Lorenz, L.) 167, 173; (Bidwell, E.) vi 

Apodecarboxylase, tyrosine, use in codecarboxylase estima- 
tion (Sloane-Stanley, G. H.) 567 
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Bence-Jones protein, composition and output of (Dent, C. E. 
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Blender, Waring, use in biochemical work (Stern, R. & 
Bird, L. H.) 635 
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Blood, continuous measurement of ™*I concentration in 
(Reiss, M., Badrick, F. E., Halkerston, J. M. & White, 
J.H.) 255 

Blood, determination of p-aminosalicylic acid in (Newhouse, 
J. P. & Klyne, W.) vii; (Short, E. I.) 1 (Proc.) 

Blood, determination of sulphetrone in (Short, E. I.) li 
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and oxyhaemoglobin (Roughton, F. J. W.) xxx 

Carbazole, characterization of sugars with (Friedmann, R.) 
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Cat, glutamine, glutamic acid and ammonia in tissues of 
(Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Cat, metabolism of nicotinamide derivatives in (Ellinger, P. 
& Abdel Kader, M. M.) 77 

Catalase, kinetics of decomposition of hydrogen peroxide 
by (George, P.) 197 
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activity (Slater, E. C.) 305 

Catechol, colorimetric estimation of (Kendal, L. P.) 442 

Catechol, effect on respiration of tea leaf (Sreerangachar, 
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Catecholase activity of tyrosinase (Kendal, L. P.) 442 
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(Partridge, S. M. & Westall, R. G.) 418 

Cation-exchange resins, fractionation of protein hydrolysate 
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M. C., Kerr, L. M. H. & Levvy, G. A.) xxx 

Cell tissue, growing, nucleic acid phosphorus in (Davidson, 
J. N., Leslie, I. & Waymouth, C.) 5 

Cells, of cerebral cortex, preparation of nuclei from (Richter, 
D. & Hullin, R. P.) lv 

Cephalin see Kephalin 

Cereals, nicotinamide content of (Chaudhuri, D. K. & 
Kodicek, E.) 343 

Cereals, riboflavin content of (Kodicek, E. & Wang, Y. L.) 
340 
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D. & Hullin, R. P.) lv 
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(Newhouse, J. P. & Kiyne, W.) vii 

Cerium ions, activation of phosphoglucomutase by (Stick- 
land, L. H.) 190 

Chelonian reptiles, nitrogenous excretion of (Moyle, V.) 
581 

Chick-heart fibroblasts growing in vitro, nucleoprotein 
content of (Davidson, J. N., Leslie, I. & Waymouth,C.) 5 

Chloride, plasma, retention in rats during starvation and 
dehydration (Dicker, 8. E.) 274 

Chloride space of rat muscle, effect of dehydration and 
starvation on (Dicker, 8. E.) 274 

N-p-Chlorophenyl-N-methylearbamate of m-hydroxy- 
phenyltrimethylammonium bromide see Nu-1250 

Choleic acid in enteroliths (Fowweather, F. 8.) 607 

Cholesterol, absorption in rats, guinea pigs and rabbits 
(Cook, R. P. & Thomson, R. O.) li 

Cholesterol, estimation and chemical state in urine (Burchell, 
M. & Maclagan, N. F.) iv 

Cholesterol in brain of infants and adults (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

Cholesterol synthesis in rabbit foetus (Popjak, G. & Beeck- 
mans, M.-L.) xxxvi 

Cholesterol, urinary excretion in cancer (Burchell, M., 
Earle, J. H. O. & Maclagan, N. F.) iv 

Cholesterol, utilization of acetate in synthesis of (Popjak, G. 
& Beeckmans, M.-L.) xxxvii 

Cholic acid in enteroliths (Fowweather, F. 8.) 607 

Choline, effect on nicotinamide synthesis by intestinal 
bacteria in rat (Ellinger, P. & Abdel Kader, M. M.) 285 


Choline oxidase, liver, action of propamidine on (Gordon, 
J. J. & Sowden, E.) 498 
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Cholinesterase, blood, effect of urethane treatment on 
(Boyland, E. & Rhoden, E.) 528 
Cholinesterase, pigeon-brain, specificity of (Whittaker, 
V. P.) xlvi 
Cholinesterase, true, inhibition by Nu-1250 in vivo (Hawkins, 
R. D. & Mendel, B.) 260 
Cholinesterase activity of human plasma (Adams, D. H. & 
Whittaker, V. P.) 62 
Chorion, isolated, glutamate uptake by (Stern, J. R., 
Eggleston, L. V., Hems, R. & Krebs, H. A.) 410 
Chromatography, displacement, fractionation of protein 
hydrolysate by (Partridge, S. M.) 521 
Chromatography, displacement, of organic bases and amino- 
acids, on cation-exchange resins (Partridge, S. M. & 
Westall, R. G.) 418 
Chromatography, displacement, separation of organic acids 
and acidic amino-acids by (Partridge, S. M. & Brimley, 
R.C.) 513 
Chromatography, of colourless substances, apparatus for 
(Randall, 8. S. & Martin, A. J. P.) ii 
Chromatography, paper, of vitamin A and derivatives 
(Datta, S. P. & Overell, B. G.) xiii 
Chromatography, paper partition, of acidic peptides from 
wool hydrolysate (Consden, R., Gordon, A. H. & Martin, 
A. J.P.) 548 
Chromatography, paper partition, of amino-acids in blood 
after protein ingestion (Dent, C. E. & Schilling, J. A.) 
318 
Chromatography, paper partition, of Bence-Jones protein 
(Dent, C. E. & Rose, G. A.) 610 
Chromatography, paper partition, of liver extracts (Cuth- 
bertson, W. F. J. & Lester Smith, E.) v; (Shaw, G. E.) 
liv 
Chromatography, paper partition, of sugars, using three- 
component solvents (Jermyn, M. A. & Isherwood, F. A.) 
402 
Chromatography, paper partition, quantitative method for 
amino-acids (Fisher, R. B. & Holmes, R.) liv 
Chromium, combination with collagen (Bowes, J. H. & 
Kenten, R. H.) 142 
Chromium ions, activation of phosphoglucomutase by 
(Stickland, L. H.) 190 
Chromobacterium prodigiosum, inhibition of proteolytic 
activity of (Duthie, E. S. & Lorenz, L.) 173 
Chrysene metabolism in rat (Berenblum, I. & Schoental, R.) 
604 
3-Chrysenol in rat faeces after chrysene metabolism 
(Berenblum, I. & Schoental, R.) 604 
Chrysophanic acid from 1:4:5-trihydroxy-2-methylanthra- 
quinone (Howard, B. H. & Raistrick, H.) 227 
Citrate, effect of cocarboxylase and oxygen on formation of 
(Coxon, R. V. & Peters, R. A.) liii 
Citric acid, content, metabolism and formation in semen 
(Humphrey, G. F. & Mann, T.) 97 
Clostridium welchii, action of acyl-ambamides and V335 on 
(Hartles, R. L. & Williams, R. T.) 335 
Clostridium welchii, collagenase of (Bidwell, E.) 28 
Clostridium welchii, gelatinase activity of (Duthie, E. S. & 
Lorenz, L.) 173 
Clostridium spp., serum, inhibition of proteolytic activity of 
(Duthie, E. 8S. & Lorenz, L.) 173; (Bidwell, E.) vi 
Cobalt uptake by Neurospora (Andersson-Kotté, I. & 
Hevesy, G. Ch. ) 407 
Cocarboxylase, effect on citrate and «-ketoglutarate forma- 
tion (Coxon, R. V. & Peters, R. A.) liii 
Codecarboxylase estimation using tyrosine apodecarboxylase 
(Sloane-Stanley, G. H.) 567 
Coenzyme of alkaline phosphatase (Abul-Fadl, M. A M. & 
King, E. J.) 435 
Coenzyme factors for tryptophanase complex (Dawes, E. A. 
& Happold, F.C.) 349 
Coenzyme I see Cozymase 
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Colchicine, effect on nucleic acid phosphorus of growing 
cells (Davidson, J. N., Leslie, I. & Waymouth, C.) 5 
Collagen, effect of deamination and esterification on re- 
activity of (Bowes, J. H. & Kenten, R. H.) 142 

Collagenase of Clostridium welchii, effect of alkali and heat 
(Bidwell, E.) 28 

Colorimetric determination of o-aminophenylglucuronide 
(Levvy, G. A. & Storey, I. D. E.) 295 

Colorimetric determination of o-diphenols formed from 
monophenols (Kendal, L. P.) 442 

Colorimetric determination of picric acid in picrates (Stéhr, 
R.) xxxv 

Colorimetric micro-estimation of thymine (Woodhouse, 
D.L.) 185 

§Colour, flower, genetic control of (Lawrence, W. J.C.) xvi 

Colour reactions of hexoses with orcinol, carbazole and 
skatole (Friedmann, R.) 117 

Colour reactions of phenols (Porteous, J. W. & Williams, 
R.T.) 56 

Coma, hypoglycaemic, effect of amino-acids on (Mayer- 
Gross, W. & Walker, J. W.) 92 

Configuration, optical, of amino-acids, ultramicrodetermina- 
tion of (Synge, R. L. M.) 542 

Conway units, apparatus for shaking (Dale, W. M.) xxvii 

Copper sulphate specific gravity method of estimating serum 
protein (Keyser, J. W.) xxiii 

Coproporphyrin, urinary, effect of sulphanilamide on 
(Legge, J. W.) 105 

Cortex, cerebral see Cerebral cortex 

Cortin, effect of dehydroisoandrosterone and Ambinon on 
excretion (Reiss, M., Hemphill, R. E., Gordon, J. J. & 
Cook, E.R.) 632 

‘Corynebacterium Q’, effect of unsaturated fatty acids on 
growth of (Pollock, M. R., Howard, G. H. & Boughton, 
B. W.) iii 

Cozymase breakdown by system from nervous tissue 
(McIlwain, H. & Rodnight, R.) 470; (McIlwain, H.) 
Xxxiii 

Cozymase degradation, inhibition and glycolysis in brain 
(McIlwain, H.) xxxiii 

Cozymase, reduced, aerobic oxidation by heart muscle 
(Slater, E. C.) xlviii 

Cozymase, stability in Lactobacillus arabinosus cells 
(McIlwain, H., Stanley, D. A. & Hughes, D. E.) 153 

p-Cresol, oxidation by tyrosinase in presence of ascorbic 
acid (Kendal, L. P.) 442 

p-Cresol, pigment formation during tyrosinase oxidation of 
(Jackson, H. & Kendal, L. P.) 477 

Cynodontin from 1:4:5-trihydroxy-2-methylanthraquinone 
(Howard, B. H. & Raistrick, H.) 227 

Cysteine, autoxidation in haematin peroxidations (Albert, 
A. & Falk, J. E.) 129 

L-Cystine, dietary, effect on bromine in rat hair (Spencer, B. 
& Williams, R. T.) xlvii 

Cystine, spot tests for (Dent, C. E. & Rose, G. A.) 610 

Cytochrome c, added, effect on succinate oxidation (Keilin, 
D. & Hartree, E. F.) 205 

Cytochrome ¢, effect of concentration on cytochrome oxidase 
activity (Slater, E. C.) 305 

Cytochrome c, effect on peroxidative catalysis of adrenaline 
oxidation (Falk, J. E.) 369 

Cytochrome c, effect on peroxidative catalysis of oxidation 
of acridines and quinolines (Albert, A. & Falk, J. E.) 129 

Cytochrome oxidase, measurement of activity of (Slater, 
E.C.) 305 

Cytochrome system, evidence for further carrier linking 
with succinic dehydrogenase (Keilin, D. & Hartree, E. F.) 
205 





Deacetylases, aliphatic and aromatic existence of (Bray, 
H. G., James, 8. P., Raffan, I. M., Ryman, B. E. & 
Thorpe, W. V.) 618 
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De-Acidite B, use in displacement chromatography (Part- 
ridge, S. M. & Brimley, R. C.) 513; (Partridge, S. M.) 
521 

Deamination, effect on reactivity of collagen (Bowes, J. H 
& Kenten, R. H.) 142 

Decarboxylation of o-hydroxyphenylalanine (Blaschko, H.) 
268 

Decarboxylation of m-hydroxyphenylalanine 
Stanley, G. H.) 373 : 

Decarboxylation of tyrosine (Sloane-Stanley, G. H.) 567 

Dehydration, tissue-fluid changes in (rats) (Dicker, 8. E.) 
274 

Dehydrogenase, succinic see Succinic dehydrogenase 

Dehydrogenase activity, effect of using Waring blender on 
(Stern, R. & Bird, L. H.) 635 

Dehydroisoandrosterone, effect on urinary steroid excretion 
(Reiss, M., Hemphill, R. E., Gordon, J. J. & Cook, E. R.) 
632 

Denaturation of protein mixtures, complexes formed by 
(Kleczkowski, A.) 573 

Dentine, zine in (Cruickshank, D. B.) 299 

Deoxyribonucleic acid, estimation of thymine in (Wood- 
house, D. L.) 185 

Deoxyribonucleic acid phosphorus of growing fibroblasts 
(Davidson, J. N., Leslie, I. & Waymouth, C.) 5 

Detoxication of aniline in rabbit (Smith, J. N. & Williams, 
R.T.) 242 

Detoxication of benzene in rabbit (Porteous, J.W. & Williams, 
R.T.) 46, 56 

Detoxication of phenacetin in rabbit (Smith, J. N. & 
Williams, R. T.) 239 

Detoxication of p-phenetidine in rabbit (Smith, J. N. & 
Williams, R. T.) 250 

Detoxication of phenol in rabbit (Porteous, J. W. & 
Williams, R. T.) 46 

Detoxication of quinol and resorcinol in rabbit (Garton, 
G. A. & Williams, R. T.) 234 

Deuterium, effect of use as tracer isotope on action of 
succinic dehydrogenase (Thorn, M. B.) xx 

Deuterium, use for study of fatty acid and cholesterol 
synthesis (Popjak, G. & Beeckmans, M.-L.) xxxvi 

Diabetogenic factor, pituitary, isoelectric precipitation for 
purification of (Reid, E.) xii 

Diallyl disulphide, fission and methylation by moulds 
(Challenger, F. & Greenwood, D.) 87 

Diamines, action of histaminase on (Kapeller-Adler, R.) 70 

Dibromopropamidine, action on oxidases of Escherichia coli 
(Gordon, J. J. & Sowden, E.) 498 

2:2’-Dichlorodiethyl sulphide in presence of biological | 
material, radioactive measurement of *S in (Young, L., 
Edson, M. & McCarter, J. A.) 179 

Di-(2-chloroethyl)methylamine, inhibition of plasma 
esterases by (Adams, D. H. & Whittaker, V. P.) 62 

2:6-Dichloroquinonechloroimide, use for determination of 
phenol in urine (Porteous, J. W. & Williams, R. T.) 
46 

Dicoumarin, effect on prothrombin time of plasma (Mawson, 
C. Ay) x 

Dienoestrol, separation and assay of metabolites of (Simp- 
son, S. A. & Wilder Smith, A. E.) 366 

Diet, effect on nicotinamide metabolism in rabbit (Ellinger, 
P. & Abdel Kader, M. M.) 627 

Digestion, tryptic, of alkaline phosphatase (Abul-Fadl, 
M. A. M. & King, E. J.) 434 

Diffusion constant of lactoglobulin (Cecil, R. & Ogston, 
A.G.) 33 

Dihydroxyberzenes, isomeric, metabolism in 
(Garton, G. A. & Williams, R. T.) 234 

4:4’-Dihydroxy-«f-diethylstilbene see Stilboestrol 

1:2-Dihydroxy-1:2-dihydroanthracenes from anthracene 
urine, isolation and structure of (Booth, J. & Boyland, E.) 
361 
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1:2-Dihydroxy-1:2-dihydronaphthalene from naphthalene 
urine, isolation and structure of (Booth, J. & Boyland, E.) 
361 

2:5-Dihydroxyphenylalanine, action of tyrosine decarboxy- 
lase on (Sloane-Stanley, G. H.) 373 

2:5-Dihydroxyphenylalanine, formation from tyrosine by 
tyrosinase oxidation (Kendal, L. P.) 442 

3:4-Dihydroxyphenylalanine, colorimetric estimation of 
(Kendal, L. P.) 442 

Di-isopropyl fluorophosphonate, inhibition of plasma 
esterases by (Adams, D. H. & Whittaker, V. P.) 62 

2:3-Dimercaptopropanol, radioactive, biochemical experi- 
ments with (Simpson, 8. D. & Young, L.) xxv 

Dimethylamine, effect on pigment formation during tyro- 
sinase oxidations (Jackson, H. & Kendal, L. P.) 477 

p-Dimethylaminobenzaldehyde, use for determination of 
p-aminosalicylic acid and sulphetrone (Short, E. I.) li 

4:5-Dimethyleatechol, colorimetric estimation of (Kendal, 
L. P.) 442 

4:5-Dimethyleatechol, formation from 4:5-dimethylphenol 
by tyrosinase oxidation (Kendal, L. P.) 442 

3:4-Dimethylphenol, oxidation by tyrosinase in presence of 
ascorbic acid (Kendal, L. P.) 442 

Diols in urine after administration of naphthalene and 
anthracene (Booth, J. & Boyland, E.) 361 

Dipeptides in gramicidin hydrolysates (Synge, R. L. M.) 
542 


Dipeptides in wool hydrolysates (Consden, R., Gordon, 
A. H. & Martin, A. J. P.) 548 

o-Diphenols, colorimetric estimation of (Kendal, L. P.) 442 

o-Diphenols, formation from monophenols by tyrosinase 
oxidation (Kendal, L. P.) 442 

o-Diphenols, pigment formation during tyrosinase oxidation 
of (Jackson, H. & Kendal, L. P.) 477 

Diphosphopyridine nucleotide as coenzyme factor for 
tryptophanase complex (Dawes, E. A. & Happold, 
Frank C.) 349 

Displacement chromatography see Chromatography, dis- 
placement 

Dithionite, sodium, use in fluorimetric estimation of ribo- 
flavin (Hartles, R. L. & Williams, R. T.) 335 

Diuresis after water administration, effect of starvation and 
dehydration on (Dicker, S. E.) 274 

Dog, absorption of proteins by (Dent, C. E. & Schilling, 
J. A.) 318; (Christensen, H. N.) 333 

Dog, faecal and intestinal alkaline phosphatases of (Abul- 
Fadl, M. A. M., King, E. J., Roche, J. & Nguyen-van 
Thoai) 428; (Abul-Fadl, M. A. M. & King, E. J.) 431, 
434, 435 

Dog, metabolism of nicotinamide derivatives in (Ellinger, 
P. & Abdel Kader, M. M.) 77 

DOPA decarboxylase, action on o-hydroxyphenylalanine 
(Blaschko, H.) 268 

Dynatron scaler, modified, for continuous measurement of 
radioactive tracer concentration in body (Reiss, M., 
Badrick, F. E., Halkerston, J. M. & White, J. H.) 255 


Edestin, y-glutamyl bonds in (Haurowitz, F. & Bursa F.) 
509 

Egg albumin, see Albumin, egg 

Electrodialysis, inhibition of alkaline phosphatase by 
(Abul-Fadl, M. A. M. & King, E. J.) 435 

Electrophoresis of Bence-Jones protein (Dent, C. E. & 
Rose, G. A.) 610 

Electrophoresis of immune globulin fraction from pre- 
colostrum (McDougall, E. I.) 531 

Emys orbicularis, nitrogenous excretion of (Moyle, V.) 581 

Enamel, tooth, zinc in (Cruickshank, D. B.) 299 

Enteroliths, bile-acid, composition and production of 
(Fowweather, F.S.) 607 

A-Enzyme, of Clostridium welchii, inhibition by horse 
serum (Bidwell, E.) vi 


§Enzymes, bacterial synthesis of, relation to genetics 
(Monod, J.) xix 

Enzymes, characterization in unpurified material (Adams, 
D. H. & Whittaker, V. P.) 62 

Enzymes, non-proteolytic, action of suramin on (Town, 
B. W. & Wormall, A.) xxxviii; (Wills, E. D. & Wormall, 
A.) xXxxix 

Eriobotrya japonica see Loquat 

§Errors, inborn metabolic, Garrod’s conception of (Penrose, 
L. 8.) xvi 

§Errors, inborn metabolic, interpretation of biochemical 
detail revealed by (Rimington, C.) xvii 

Erythrocyte catalase, decomposition of hydrogen peroxide 
by (George, P.) 197 

Erythrocytes, bird, carbon monoxide stimulation of oxygen 
uptake by (Smith, J. D.) 591 

Erythrocytes, fowl, source of carbon atoms for haem syn- 
thesis by (Bufton, A. W. J., Bentley, R. & Rimington, C.) 
xlix 

Erythrocytes, plasmolysed, suspension of, decomposition of 
hydrogen peroxide by (George, P.) 197 

Escherichia coli, effect of amidines on oxidases of (Gordon, 
J. J. & Sowden, E.) 498 

Escherichia coli, growth and nicotinamide synthesis, effect 
of methyltryptophan on (Ellinger, P. & Abdel Kader, 
M.M.) 506 

Escherichia coli, nicotinamide biosynthesis by (Ellinger, P. 
& Abdel Kader, M. M.) 285 

Ester, phosphoric, from adaptive fermentation of galactose 
(Wilkinson, J. F.) 460 

Esterase, pectin, of Pseudomonas prunicola (Mills, G. B.) 
302 

Esterases, characterization in human plasma (Adams, D. H. 
& Whittaker, V. P.) 62 

Esterification, effect on reactivity of collagen (Bowes, J. H. 
& Kenten, R. H.) 142 

Esters, aliphatic, hydrolysis by pigeon-brain cholinesterase 
(Whittaker, V. P.) xlvi 

Esters, phosphate, of brain, effect of stimulation on 
(Richter, D. & Dawson, R. M. C.) xlvii 

Esters, p-toluenesulphonic, preparation from phenols 
(Porteous, J. W. & Williams, R. T.) 56 

p-Ethoxyacetanilide see Phenacetin 

p-Ethoxyaniline see p-Phenetidine 

Euglobulin in precolostral globulin (McDougall, E. I.) 
531 

Excretion, nitrogenous, of Chelonian reptiles (Moyle, V.) 
581 

Extracellular fluid phase of muscle, effect of dehydration 
and starvation on (Dicker, 8S. E.) 274 

Eye, lens of see Lens 


Faeces, dog, alkaline phosphatase of (Abul-Fadl, M. A. M. 
& King, E. J.) 431, 434, 435 

Faeces, rat, isolation of 3-methoxychrysene from, after 
chrysene administration (Berenblum, I. & Schoental, R.) 
604 

Fat absorption in rats, guinea pigs and rabbits (Cook, R. P. 
& Thomson, R. O.) li 

Fats of seal blubber and liver, composition of (Hilditch, 
T. P. & Pathak, 8. P.) 218 

Fatty acids, autoxidation of (Ellis, G. W.) xxxvi 

Fatty acids, free, in rancid ghee (Achaya, K. T.) 561 

Fatty acids, of seal blubber and liver fats (Hilditch, T. P. & 
Pathak, S. P.) 218 

Fatty acids, synthesis in rabbit foetus (Popjak, G. & Beeck- 
mans, M.-L.) xxxvi 

Fatty acids, unsaturated, effect on growth of ‘Coryne- 
bacterium Q’ (Pollock, M. R., Howard, G. H. & Boughton, 
B. W.) lii 

Fatty acids, utilization of acetate by the foetus for synthesis 
of (Popjak, G. & Beeckmans, M.L.) xxxvii 





652 
Fermentation, adaptive, of galactose by yeast (Wilkinson, 
J. F.) 460 


Fermentation of tea, relation to normal respiration (Sreeran- 
gachar, H. B.) 23 

Fibroblasts, growing in vitro, nucleic acid phosphorus in 
(Davidson, J. N., Leslie, I. & Waymouth, C.) 5 

Flavin-adenine dinucleotide in histaminase (Kapeller- 
Adler, R.) 70 

Flocculation tests, serum, at pH 
Pendleton, G. B.)  xxxiii 

Flora, intestinal, role in nicotinamide synthesis (Ellinger, 
P. & Abdel Kader, M. M.) 285, 506 

§Flowers, genetic control of colour development (Lawrence, 
W.J.C.) xvi 

Fluorescence, porphyrin, in shells (Comfort, A.) 111 

Fluoride, action on cytochrome oxidase system (Slater, 
E.C.) 305 

Fluorimetric estimation of nicotinamide (Chaudhuri, D. K. 
& Kodicek, E.) 343 

Fluorimetric estimation of riboflavin in biological materials 
(Kodicek, E. & Wang, Y. L.) 340 

Foetus, glutamine, glutamic acid and ammonia in tissues of 
(Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Foetus, rabbit, synthesis of cholesterol and fatty acids in 
(Popjak, G. & Beeckmans, M.-L.) xxxvi, xxxvii 

Folin-Ciocalteu phenol reagent, determination of potassium 
using (Abul-Fadl, M. A. M.) 282 

Foodstuffs, estimation of riboflavin in (Kodicek, E. & 
Wang, Y. L.) 340 

Formaldehyde, combination with collagen (Bowes, J. H. & 
Kenten, R. H.) 142 

Formaldehyde, combination with protein (Middlebrook, 
W.R.) 17 

Formate, labelled, non-utilization for haem synthesis 
(Bufton, A. W. J., Bentley, R. & Rimington, C.) xlix 

Fractionation of oxidized insulin (Sanger, F.) 126 

Fractionation of protein hydrolysate (Partridge, S.M.) 521 

Fructose, colour reaction with orcinol, carbazole and skatole 
(Friedmann, R.) 117 

Fructose metabolism in semen (Humphrey, G. F. & Mann, 
T.) 97 
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Galactose, adaptive fermentation of (Wilkinson, J. F.) 460 

Galactose, colour reactions with orcinol, carbazole and 
skatole (Friedmann, R.) 117 

Galactose from yeast (Wilkinson, J. F.) 460 

Galactose-mannose ratio of serum proteins (Friedmann, R.) 
117 

a-Galactose-1-phosphate from adaptive fermentation of 
galactose (Wilkinson, J. F.) 460 

Galacturonate. p-toluidine-ammonium, synthesis of (Smith, 
J. N. & Williams, R. T.) 250 

§Garrod, conception of inborn error and its development 
(Penrose, L. 8.) xvi; (Rimington, C.) xvii 

Gasometer, mercury, for preparing gas mixtures (Hartree, 
E. F. & Harpley, C. H.) 637 

Gastropoda, porphyrins of shells (Comfort, A.) 111 

Gelatinase activity of Clostridium welchii (Duthie, E. S. & 
Lorenz, L.) 173 

§Genes, and development of flower colour (Lawrence, 
W. J.C.) xvi 

§Genes, recessive, in development of abnormal clinical con- 
ditions (Penrose, L. 8.) xvi 

§Genetics, biochemical, of micro-organisms (Pontecorvo, G.) 
xviii 

§Genetics, introduction to symposium on_ biochemical 
aspects of (Haldane, J. B.S.) xv 

§Genetics of enzyme action (Catcheside, D. G.) 
(Monod, J.) xix 

Ghee, rancidity in (Achaya, K. T.) 561 

Glandular tissue, glutamine and glutamic acid in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 


XViii; 
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Globulin, horse serum, method of coupling with oestrogenic 
acids (Hausmann, W. & Wilder Smith, A. E.) 385 

Globulin, immune, from bovine precolostrum (McDougall, 
E. 1.) 531 

Globulins, seeds of Gramineae and Leguminosae (Daniels- 
son, C. E.) 387 

p-Glucosaccharic acid see Saccharic acid 

Glucose, blood, effect of amino-acids in hypoglycaemia 
(Mayer-Gross, W. & Walker, G. W.) 92 ; 

Glucose, characterization with orcinol, skatole and carbazole 
(Friedmann, R.) 117 

Glucose, effect of methoxyl group at C, on metabolism of 
(Campbell, P. N.) li 

Glucose, effect on acetate utilization by mammary-gland 
slices (Folley, S. J. & French, T. H.) xlv 

Glucose, effect on potassium leakage from brain (Dixon, 
K. C.) 187 

Glucose, effect on uptake of glutamate by brain (Stern, 
J. R., Eggleston, L. V., Hems, R. & Krebs, H. A.) 
410 

Glucose in polysaccharides synthesized by bacilli (Forsyth, 
W. G. C. & Webley, D. M.) 455 

Glucose-1-phosphate, action of phosphoglucomutase on 
(Stickland, L. H.) 190 

Glucuronate, p-toluidine-ammonium, in p-phenetidine and 
anisidine urines (Smith, J. N. & Williams, R. T.) 250 

B-Glucuronidase activity as an index of growth (Kerr, 
L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

B-Glucuronidase fractions in mouse liver, uterus and kidney 
(Kerr, L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

B-Glucuronidase, inhibition by saccharic acid (Karunairat- 
nam, M. C. & Levvy, G. A.) 599 

B-Glucuronidase, liver and uterine, effect of sex hormones 
on (Kerr, L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

B-Glucuronidase, properties of (Mills, G. T. & Paul J.) 
XXxiv 

B-Glucuronidase, uterine, effect of liver regeneration on 
(Kerr, L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

Glucuronide, labile, in acetanilide and phenacetin urines 
(Smith, J. N. & Williams, R. T.) 239 

Glucuronide, labile, in aniline urine (Smith, J. N. & 
Williams, R. T.) 242 

Glucuronide, ‘ pregnanediol-like’, isolation of A1*-androsten- 
3(«)-ol from (Brooksbank, B. W. L. & Haslewood, 

G. A. D.)_ iii 

Glucuronide synthesis and cell proliferation (Karunairat- 
nam, M. C., Kerr, L. M. H. & Levvy, G. A.) xxx 

Glucuronide synthesis by mouse-liver slices (Levvy, G. A. & 
Storey, I. D. E.) 295 

Glucuronide synthesis, effect ofsaccharic acid on (Karunairat- 
nam, M. C. & Levvy, G. A.) 599 

Glucuronide synthesis, influence of bicarbonate on (Storey, 
I. D4) xi 

Glucuronide synthesis, measurement in tissue preparations 
(Levvy, G. A. & Storey, I. D. E.) 295 

Glucuronides, in aniline urine (Smith, J. N. & Williams, 
R.T.) 242 

Glucuronides, in phenacetin urine (Smith, J. N. & Williams, 
R. T.) 239 

Glucuronides, in phenetidine urine (Smith, J. N. & Williams, 
R. T.) 250 

Glucuronides, in urine after benzene and phenol metabolism 
(Porteous, J. W. & Williams, R. T.) 46 

Glucuronides in urine after metabolism of N-phenylurea 
derivatives (Bray, H. G., Lake, H. J. & Thorpe, W. V.) 
136 

Glucuronides in rabbit urine after quinol and resorcinol 
metabolism (Garton, G. A. & Williams, R. T.) 234 

Glucuronides of synthetic oestrogens, separation and assay 
in urine (Simpson, 8. A. & Wilder Smith, A. E.) 366 

L-Glutamate, effect on loss of potassium ions by brain slices 
(Krebs, H. A. & Eggleston, L. V.) vii 
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L-Glutamate uptake, accumulation and metabolism by 
brain tissue (Stern, J. R., Eggleston, L. V., Hems, R. & 
Krebs, H. A.) 410 

Glutamic acid, dipeptides of, in wool hydrolysates (Consden, 
R., Gordon, A. H. & Martin, A. J. P.) 548 

L-Glutamic acid, effect in hypoglycaemia (Mayer-Gross, W. 
& Walker, J. W.) 92 

Glutamic acid in animal tissues and human plasma (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Glutamic acid, isolation by displacement chromatography 
(Partridge, 8S. M. & Brimley, R. C.) 513; (Partridge, 
S.M.) 521 

Glutamic acid, linkage in protein molecules (Haurowitz, F. 
& Bursa, F.) 509 

Glutaminase activity of liver and kidney extracts (Bray, 
H. G., James, S. P., Raffan, I. M., Ryman, B. E. & 
Thorpe, W. V.) 618 

Glutamine in animal tissues and human plasma (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Glutamine, products of enzymic hydrolysis of (Bray, H. G., 
James, S. P., Raffan, I. M. & Thorpe, W. V.) 625 

Glutamine, spontaneous decomposition of (Bray, H. G., 
James, S. P., Raffan, I. M. & Thorpe, W. V.) 625 

L-Glutamine uptake by brain tissue (Stern, J. R., Eggleston, 
L. V., Hems, R. & Krebs, H. A.) 410 

y-Glutamyl bonds in proteins (Haurowitz, F. & Bursa, F.) 
509 

Glutamylglutamic acid in wool hydrolysates (Consden, R., 
Gordon, A. H. & Martin, A. J. P.) 548 

Glyceride lipolysis in rancidification of ghee (Achaya, K. T.) 
561 

Glycerides of seal blubber and liver lipids (Hilditch, T. P. & 
Pathak, S. P.) 218 

Glyceryl triacetate see Triacetin 

Glyceryl tributyrate see Tributyrin 

Glyceryl] trioleate see Triolein 

Glycine, effect in hypoglycaemia (Mayer-Gross, W. & 
Walker, J. W.) 92 

Glycine, role in pigment formation during tyrosinase oxida- 
tions (Jackson, H. & Kendal, L. P.) 477 

Glycolysis, brain, inhibition by glutamate (Stern, J. B., 
Eggleston, L. V., Hems, R. & Krebs, H. A.) 410 

Glycclysis, braii, relation to cozymase degradation 
(MclIlwain, H.) xxxiii 

Glycolysis, effect on nicotinic acid metabolism in Lacto- 
bacillus arabinosus (McIlwain, H., Stanley, D. A. & 
Hughes, D. E.) 153 

Glycylglycine, enzymic action of liver and kidney extracts 
(Bray, H. G., James, S. P., Raffan, I. M. & Thorpe, W. V.) 
618 

Gramicidin, analysis of hydrolysates of (Synge, R. L. M.) 
542 

Gramineae, globulins in seeds of (Danielsson, C. E.) 387 

Gravimetric determination of sulphur in biological material 
(Young, L., Edson, M. & McCarter, J. A.) 179 

Growth, £-glucuronidase as an index of (Kerr, L. M. H., 
Campbell, J. G. & Levvy, G. A.) 487 

Growth of rats, effect of Bence-Jones protein on (Dent, 
C. E. & Rose, G. A.) 610 

Guinea pig, absorption of fat and cholesterol in (Cook, 
R. P. & Thomson, R. O.) li 

Guinea pig, accumulation of glutamate by isolated brain 
tissue in (Stern, J. R., Eggleston, L. V., Hems, R. & 
Krebs, H. A.) 410 

Guinea pig, metabolism of nicotinamide derivatives in 
(Ellinger, P. & Abdel Kader, M. M.) 77 


Haem, in vitro synthesis, source of carbon atoms for 
(Bufton, A. W. J., Bentley, R. & Rimington, C.) xlix 
Haematin-catalysed peroxidations, hydrogen carriers for 

(Albert, A. & Falk, J. E.) 129; (Falk, J. E.) 369 
Haematin in leguminous root nodules (Smith, J. D.) 585 


Haemoglobin, carbamino combination of carbon dioxide 
with (Roughton, F. J. W.) xxx 

Haemoglobin, y-glutamyl bonds in (Haurowitz, F. & 
Bursa, F.) 509 

Haemoglobin in leguminous root nodules (Smith, J. D.) 
585 

Haemoglobin metabolism, effect of sulphanilamide on 
(Legge, J. W.) 105 

Haemoglobin, relation to oxygen uptake by root nodules 
(Smith, J. D.) 591 

Hair, rat, effect of dietary bromobenzene and cystine on 
bromine in (Spencer, B. & Williams, R. T.) xlvii 

Hair, supercontraction of, effect of formaidehyde on 
(Middlebrook, W. R.) 17 

Heart, chick, nucleoprotein in growing fibroblasts of 
(Davidson, J. N., Leslie, I. & Waymouth, C.) 5 

Heart muscle, aerobic oxidation of reduced cozymase in 
(Slater, E. C.) xviii 

Heart-muscle preparations, activity of succinic dehydro- 
genase-cytochrome system in (Keilin D. & Hartree, 
E. F.) 205 

Heart-muscle preparations, measurement of cytochrome 
oxidase activity of (Slater, E. C.) 305 

Heifer, immune globulin in precolostrum of (McDougall, 
E. 1.) 531 

Hexamidine, action of oxidase of Escherichia coli (Gordon, 
J. J. & Sowden, E.) 498 

Hexoestrol, separation and assay of metabolites of (Simpson, 
8. A. & Wilder Smith, A. E.) 366 

Hexokinase activity, tissue, influence of insulin and anterior 
pituitary factor on (Smith, R. H.) xlii 

Hexokinase, yeast, inhibition by suramin (Wills, E. D. & 
Wormall, A.) xxxix 

Hexosediphosphate, activation of phosphoglucomutase by 
(Stickland, L. H.) 190 

Hexoses, characterization by orcinol, carbazole and skatole 
(Friedmann, R.) 117 

Hexoses, in serum proteins (Friedmann, R.) 117 

Hippuric acid, micro-estimation of (Dickens, F. & Pearson, 
J.T.) i 

Histaminase, preparation, action and structure of (Kapeller- 
Adler, R.) 70 

Histamine, action of histaminase on (Kapeller-Adler, R.) 
70 

Histamine, effect on gastric secretion against applied 
pressure (Davies, R. E. & Terner, C.) 377 

Hog see Pig 

Homocatechol, colorimetric estimation of (Kendal, L. P.) 
442 

Homocatechol, formation from p-cresol by tyrosinase 
oxidation (Kendal, L. P.) 442 

Homocatechol, pigment formation during tyrosinase oxida- 
tion of (Jackson, H. & Kendal, L. P.) 477 

Hordeum vulgare see Barley 

Hormones, sex see under individual names 

Horse serum, antiprotease activity of (Duthie, E. S. & 
Lorenz, L.) 167, 173 

Horse serum protein, sugar components of (Friedmann, R.) 
117 

Hydrobenzoic acids as possible precursors of benzoic acid 
in tissues (Beer, C. T., Dickens, F. & Pearson, J.T.) i 

Hydrochloric acid secretion, effect of applied pressure on 
(Davies, R. E. & Terner, C.) 377 

Hydrogen carriers, formation by haematin-catalysed peroxi- 
dations (Albert, A. & Falk, J. E.) 129; (Falk, J. E.) 
369 

Hydrogen, heavy see Deuterium 

Hydrogen peroxide, kinetics of decomposition by catalase 
(George, P.) 197 

Hydroquinone see Quinol 

Hydroxyacridines, hydrogen carriers from haematin- 
catalysed peroxidation of (Albert, A. & Falk, J. E.) 129 
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5-Hydroxyanthranilic acid from o-nitrobenzamide urine 
(Bray, H. G., Thorpe, W. V. & Wood, P. B.) 39 

2-Hydroxy-4-ethoxyaniline in phenetidine urine (Smith, 
J. N. & Williams, R. T.) 250 

N-(4-Hydroxy-2-methylphenyl) urea, conjugated, in o- 
tolylurea (Bray, H. G., Lake, H. J. & Thorpe, W. V.) 136 

-(4-Hydroxy-3-methylphenyl) urea, conjugated, in m- 
tolylurea urine (Bray, H. G., Lake, H. J. & Thorpe, 
W. V.) 136 

o-Hydroxyphenylalanine, decarboxylation of (Blaschko, H.) 
268 

o-Hydroxyphenylalanine, enzymic oxidation of (Blaschko, 
H.) 268 

L-m-Hydroxyphenylalanine, specificity of tyrosine decar- 
boxylase for (Sloane-Stanley, G. H.) 373 

m-Hydroxyphenylethylamine, pressor action 
Stanley, G. H.) 373 

m-Hydroxyphenyltrimethylammonium bromide, the N-p- 
chlorophenyl-N-methylearbamate of see Nu-1250 

N-(p-Hydroxyphenyl) urea, conjugated, in urine after 
N-phenylurea metabolism (Bray, G. H., Lake, H. J. & 
Thorpe, W. V.) 136 

Hydroxyproline, role in pigment formation during tyrosinase 
oxidations (Jackson, H. & Kendal, L. P.) 477 

Hydroxyproline ethyl ester, role in pigment formation 
during tyrosinase oxidations (Jackson, H. & Kendal, 
L. P.) 477 

Hydroxyquinol in benzene urine (Porteous, J. W. & Williams, 
R. T.) 46, 56 

Hydroxyquinol tri-p-toluenesulphonate, preparation of 
(Porteous, J. W. & Williams, R. T.) 56 

Hydroxyquinolines, hydrogen carriers from haematin- 
catalysed peroxidation of (Albert, A. & Falk, J. E.) 129 

Hypoglycaemia, effect of amino-acids on (Mayer-Gross, W. 
& Walker, J. W.) 92 

Hypophysectomy see Pituitary 
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Iminazole ring of histamine, action of histaminase on 
(Kapeller-Adler, R.) 70 

Imino-acids, role in pigment formation during tyrosinase 
oxidations (Jackson, H. & Kendal, L. P.) 477 

Indole, enzymic formation from tryptophan (Baker, J. W., 
Dawes, E. A. & Happold, F.C.) xxxi, xxxii 

Inhibition of activity of succinic dehydrogenase-cytochrome 
system (Keilin, D. & Hartree, E. F.) 205 

Inhibition of aerobic phosphorylation (Judah, J. D. & 
Williams-Ashman, H.G.) xl 

Inhibition of B-glucuronidase by saccharic acid (Karunairat- 
nam, M. C. & Levvy, G. A.) 599 

Inhibition of histaminase (Kapeller-Adler, R.) 70 

Inhibition of plasma esterases as a means of characterization 
(Adams, D. H. & Whittaker, V. P.) 62 

Inhibition of proteases (Duthie, E. 8. & Lorenz, L.) 167, 
173 

Inhibition of tryptophanase (Dawes, E. A. & Happold, 
F.C.) 349 

Inhibition, selective, of true cholinesterase (Hawkins, R. D. 
& Mindel, B.) 260 

Insulin, action of trypsin on (Butler, J. A. V., Dodds, E. C., 
Phillips, D. M. P. & Stephen, J. M. L.) 224 

Insulin, influence on tissue hexokinase (Smith, R. H.) xlii 

Insulin, oxidized, fractionation of (Sanger, F.) 126 

Insulin, oxidized, molecular weights of fractions of (Gut- 
freund, H. & Ogston, A.G.) 163 

Intestine of rats and ruminants, absorption of vitamin A in 
(Eden, E. & Sellers, K. C.) 264 

Intracellular fluid phase of muscle, effect of dehydration 
and starvation on (Dicker, 8. E.) 274 

Iodine, 1*1I isotope, effect of pituitary on uptake by tissues 
(Reiss, M., Badrick, F. E. & Halkerston, J. H.) 257 

Iodine, *4I isotope, measurement of concentration in body 
(Reiss, M., Badrick, F. E. & Halkerston, J. H.) 255 
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Ionophoresis of acidic peptides from wool hydrolysate 
(Consden, R., Gordon, A. H. & Martin, A. J. P.) 548 
Tons, metallic, activation of phosphoglucomutase by 
(Stickland, L. H.) 190 

Ions, metallic, effect on activity of succinic dehydrogenase 
(Keilin, D. & Hartree, E. F.) 205 

Tron, ferric, activation of phosphoglucomutase by (Stick- 
land, L. H.) 190 

Tron, requirement of rumen bacteria (McNaught, M. L. & 
Owen, E. C.) xxiv f ’ 

Ischaemia of brain, relation to potassium leakages (Dixon, 
K.C.) 187 

Isoelectric precipitation of pituitary diabetogenic factor 
(Reid, E.) xii 

Isotherms, retention, for adsorption of bases and ampholytes 
on Zeo-Karb 215 (Partridge, S. M. & Westall, R. G.) 
418 

Isotopes, tracer see Tracer isotope 


Jensen sarcoma see Sarcoma 


Kephalin in brains of infants and adults (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

a-Ketoglutarate, effect of cocarboxylase and oxygen on 
formation of (Coxon, R. V. & Peters, R. A.) _liii 

17-Ketosteroids, effect of dehydroisoandrosterone and 
Ambinon on excretion of (Reiss, M., Hemphill, R. E., 
Gordon, J. J. & Cook, E. R.) 632 

Kidney, alkaline phosphatase of (Abul-Fadl, M. A. M., 
King, E. J., Roche, J. & Nguyen-van Thoai) 428; 
(Abul-Fadl, M. A. M. & King, E. J.) 434, 435 

Kidney cortex, isolated, accumulation of glutamate by 
(Stern, J. R., Eggleston, L. V., Hems, R. & Krebs, H. A.) 
410 

Kidney extracts, enzymic activity of (Bray, H. G., James, 
S. P., Raffan, I. M., Ryman, B. E. & Thorpe, W. V.) 618 

Kidney glucuronidase activity in mouse (Kerr, L. M. H., 
Campbell, J. G. & Levvy, G. A.) 487 

Kidney, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Kidney, hog, preparation of histaminase from (Kapeller- 
Adler, R.) 70 

Kidney preparations, activity of succinic dehydrogenase 
cytochrome system in (Keilin, E. & Hartree, E. F.) 
205 

Kinixys spp., nitrogenous excretion of (Moyle, V.) 581 

Kinosternon subrubrum, nitrogenous excretion of (Moyle, V.) 
581 


Lactobacillus arabinosus, assimulation and metabolism of 
nicotinic acid by (McIlwain, H., Stanley, D. A. & Hughes, 
D. E.) 153 

Lactobacillus arabinosus, effect of methyltryptophans on 
acid production of (Ellinger, P. & Abdel Kader, M. M.) 
506 

Lactobacillus lactis in assay of anti-pernicious anaemia 
factor (Cuthbertson, W. F. J.) v 

Lactoglobulin, physical constants of (Cecil, R. & Ogston, 
A.G.) 33 

Lead, plumbous, activation of phosphoglucomutase by 
(Stickland, L. H.) 190 

Leaf, tea see Tea-leaf 

Lecithin in brains of infants and adults (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

Legumes, haemoglobin and haematin in root nodules of 
(Smith, J. D.) 585, 591 

Legumes, oxygen uptake by root nodules of (Smith, J. D.) 
591 

Leguminin, occurrence in Leguminosae (Danielsson, C. E.) 
387 

Leguminosae, globulins in seeds of (Danielsson C. E.) 
387 
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Lens, eye, extracellular space of (Langham, M. & Davson, 
H.) 467 

Lens, eye, post-mortem changes in (Langham, M. & Davson, 
H.) °467 

Leucine in gramicidin hydrolysates, optical configuration of 
(Synge, R. L. M.) 542 

Leucines, isomeric, isolation from protein hydrolysate on 
ion-exchange resins (Partridge, S. M.) 521 

Leucoadrenochrome, role in oxidation of adrenaline (Falk, 
J. E.) 369 

Levans, synthesized by bacilli (Forsyth, W. G. C. & Webley, 
D. M.) 455 

Lipids in brains of infants and adults (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

Lipids of nerve myelin sheath (Johnson, A. C., McNabb, 
A. R. & Rossiter, R. J.) 494 

Lipids, seal blubber and liver, component acids of (Hilditch, 
T. P. & Pathak, 8. P.) 218 

Lipolysis, glyceride, in rancidification of ghee (Achaya, 
K.T.) 561 

Liver alkaline phosphatase, reactivation after dialysis 
(Abul-Fadl, M. A. M. & King, E. J.) 435 

Liver catalase, decomposition of hydrogen peroxide by 
(George, P.) 197 

Liver, choline oxidase of, inhibition by propamidine 
(Gordon, J. J. & Sowden, E.) 498 

Liver extracts, enzymic activity of (Bray, H. G., James, 
S. P., Raffan, I. M., Ryman, B. E. & Thorpe, W. V.) 618; 
(Bray, H. G., James, 8. P., Raffan, I. M. & Thorpe, W. V.) 
625 

Liver extracts, paper chromatography of (Cuthbertson, 
W. F. J. & Lester Smith, E.) v; (Shaw, G. E.) liv 

Liver extracts, rabbit, reduction of nitrobenzoic acids and 
amides in (Bray, H. G., Thorpe, W. V. & Wood, P.B.) 39 

Liver glucuronidase activity in mouse (Kerr, L. M. H., 
Campbell, J. G. & Levvy, G. A.) 487; (Karunairatnam, 
M. C. & Levvy, G. A.) 599 

Liver, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L*V. & Hems, R.) 159 

Liver, rabbit, amidase of (Bray, H. G., James, S. P., Raffan, 
I. M. & Thorpe, W. V.) 618 

Liver regeneration, effect on uterine glucuronidase and 
weight (Kerr, L. M. H., Campbell, J. G. & Levvy, G. A.) 
487 

Liver, seal, composition of fats of (Hilditch, T. P. & Pathak, 
S. P.) 218 

Liver slices, mouse, measurement of glucuronide synthesis 
by (Levvy, G. A. & Storey, I. D. E.) 295 

Loquat, carotenoids of (Sadana, J.C.) 401 

Lung, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Lung, isolated, glutamate accumulation by (Stern, J. R., 
Eggleston, L. V., Hems, R. & Krebs H. A.) 410 

Lymph, vitamin A content after administration (Eden, E. 
& Sellers, K. C.) 264 


Magnesium, activation of phosphoglucomutase by (Stick- 
land, L. H.) 190 

Magnesium orthophosphate, with adsorbed phosphatase, 
isolation from intestinal mucosa and kidney (Abul-Fadl, 
M. A. M., King, E. J., Roche, J. & Nguyen-van Thoai) 
428 

Magnesium, reactivation of alkaline phosphatase by (Abul- 
Fadl, M. A. M. & King, E. J.) 435 

Mammals, metabolism of nicotinamide derivatives in 
(Ellinger, P. & Abdel Kader, M. M.) 77 

Mammary gland slices, effect of glucose on utilization of 
acetate by (Folley, 8. J. & French, T. H.) xlv 

Mannose, characterization with orcinol, carbazole and 
skatole (Friedmann, R.) 117 

Mannose:galactose ratio in serum protein (Friedmann, R.) 
117 
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Mannose, in polysaccharides synthesized by bacilli (Forsyth, 
W. G. C. & Webley, D. M.) 455 

Manometric determination of fluid secretion and respiration 
rates of isolated gastric mucosa (Davies, R. E. & Terner, 
C.) 377 

Manometric determination of pectin esterase activity (Mills, 
G. B.) 302 

Manometric determination of peroxidase activity (Ettori, 
J.) 35 

Mare, pregnant, sugar component of serum protein of 
(Friedmann, R.) 117 

Marfanil see Ambamide 

Marrow, bone, effect of body exposure to X-rays (Lutwak- 
Mann, C. & Gunz, F. W.) iii 

Mercury gasometer for preparation of gas mixtures (Hartree, 
E. F. & Harpley, C. H.) 637 

Mesobilene-b, effect of sulphanilamide on faecal excretion 
of (Legge, J. W.) 105 

§Metabolism, abnormal, genetic factors in (Lawrence, 
W. J.C.) xvi; (Rimington, C.) xvii 

Metals, activation of phosphoglucomutase by (Stickland, 
L. H.) 190 

Metals, catalysis of indole production from tryptophan by 
(Baker, J. W., Dawes, E. A. & Happold, F.C.) xxxi 

Metals, effect on succinate oxidation (Keilin, D. & Hartree, 
E. F.) 205 

Methaemoglobin, peroxidative catalysis of acridine and 
quinoline oxidation by (Albert, A. & Falk, J. E.) 129 

Methaemoglobin, peroxidative catalysis of adrenaline 
oxidation by (Falk, J. E.) 369 

Methionine, effect on nicotinamide synthesis by bacteria 
(Ellinger, P. & Abdel Kader, M. M.) 285 

Methionine in Bence-Jones protein (Dent, C. E. & Rose, 
G. A.) 610 

3-Methoxychrysene, isolation from rat faeces after chrysene 
administration (Berenblum, I. & Schoental, R.) 604 

2-(6’-Methoxy-2’-naphthy])-1:1-dimethyl-n-valeric acid, 
method of coupling with globulin (Hausmann, W. & 
Wilder Smith, A. E.) 385 

Methyl butyrate, hydrolysis by plasma esterases (Adams, 
D. H. & Whittaker, V. P.) 62 

7-Methyl ether of bisdehydrodoisynolic acid, method of 
coupling with globulin (Hausmann, W. & Wilder Smith, 
A. E.) 385 

Methylamine, role in pigment formation during tyrosinase 
oxidations (Jackson, H. & Kendal, L. P.) 477 

Methylation, effect on reactivity of collagen (Bowes, J. H. 
& Kenten, R. H.) 142 

4-Methyleatechol see Homocatechol 

3-Methylglucose, metabolism in rat (Campbell, P. N.) _lii 

a-Methylglucoside, inhibition of muscle phosphorylase by 
(Campbell, P. N. & Creasey, N. H.) xl 

Methyltryptophans, effect on acid production by Lacto- 
bacillus arabinosus (Ellinger, P. & Abdel Kader, M. M.) 
506 

Methyltryptophans, effect on growth and nicotinamide 
formation by bacterial cultures (Ellinger, P. & Abdel 
Kader, M. M.) 506 

Micro-estimation, colorimetric, of thymine (Woodhouse, 
D.L.) 185 

Micro-estimation of benzoic and hippuric acids in biological 
material (Dickens, F. & Pearson, J.T.) i 

Micro-Kjeldahl estimation of serum and plasma protein 
(Keyser, J. W.) xxiii 

§Micro-organisms, biochemical genetics of (Pontecorvo, G.) 
xviii 

Milk, phosphorus compounds in, effect of thiouracil and 
thyroxine on (Chanda, R. & Owen, E.C.) xxix 

Molecular rotations of steroids, rapid calculation of (Klyne, 
W.) xi 

Molecular weight of lactoglobulin (Cecil, R. & Ogston, A. G.) 
33 
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Molecular weight of legumin (Danielsson, C. E.) 387 

Molecular weight of peptides of insulin (Gutfreund, H. & 
Ogston, A. G.) 163 

Molecular weight of vicilin (Danielsson, C. E.) 387 

Mollusea, porphyrins in shells of (Comfort, A.) 111 

Monoaminophospholipin in brains of infants and adults 
(Johnson, A. C., McNabb, A. R. & Rossiter, R. J.) 494 

Monoglucuronides of synthetic oestrogens, separation and 
assay in urine (Simpson, 8. A. & Wilder Smith, A. E.) 
366 

Monoiodohexamidine, action on oxidases of Escherichia coli 
(Gordon, J. J. & Sowden, E.) 498 

Monophenols, action of tyrosinase on (Kendal, L. P.) 442 

Monophenols, pigment formation during tyrosinase oxida- 
tion of (Jackson, H. & Kendal, L. P.) 477 

Moulds, colouring matters of (Howard, B. H. & Raistrick, 
H.) 227 

Mouse, glucuronidase as an index of growth of uterus and 
other organs of (Kerr, L. M. H., Campbell, J. G. & Levvy, 
G. A.) 487 

Mouse-liver slices, effect of saccharic acid on glucuronidase 
activity of (Karunairatnam, M. C. & Levvy, G. A.) 599 

Mouse-liver slices, rate of glucuronidase synthesis by (Levvy, 
G. A. & Storey, I. D. E.) 295 

cis-cis-Muconie acid, absorption spectrum of (Porteous, 
J. W. & Williams, R. T.) 46 

trans-trans-Muconic acid, absorption spectrum of (Porteous, 
J. W. & Williams, R. T.) 46 

Mucosa, gastric, measurement of fluid secretion and respira- 
tion rates in isolated mucosa (Davies, R. E. & Terner, C.) 
377 

Mucosa, gastric, movement of water across (Davies, R. E. 
& Terner, C.) 377 

Mucosa, intestinal, alkaline phosphatase of (Abul-Fadl, 
M. A. M., King, E. J., Roche, J. & Nguyen-van Thoai) 
428; (Abul-Fadl, M. A. M. & King, E. J.) 434, 435 

Mucosae, alimentary, glutamine, glutamic acid and ammonia 
in (Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Multiple myelomatosis see Myelomatosis, multiple 

Muscle, effect of dehydration and starvation on composition 
of (Dicker, 8. E.) 274 

Muscle, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Muscle, heart see Heart muscle 

Muscle phosphorylase, possible inhibitions of (Campbell, 
P. N. & Creasey, N. H.) xl 

Mushroom, isolation of L-proline from (Jackson, H. & 
Kendal, L. P.) 477 

Mustard gas see 2:2’-Dichlorodiethyl sulphide 

§Mutation, genetic, and bacterial synthesis of enzymes 
(Catcheside, D. G.) xviii; (Monod, J.) xix 

§Mutation, genetic, chemical induction of (Carr, J.G.) xvii 

Mycobacterium tuberculosis, action of acyl-ambamides and 
V335 (Hartles, R. L. & Williams, R. T.) 335 

Myelin sheath of nerve fibres, lipids of (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

Myelomatosis, multiple, Bence-Jones protein in, and possible 
aetiology of (Dent, C. E. & Rose, G. A.) 610 


Naphthalene metabolism, formation of 1:2-dihydroxy-1:2- 
dihydronaphthalenes from (Booth, J. & Boyland, E.) 361 

Nerve fibres, lipids of myelin sheath of (Johnson, A. C., 
McNabb, A. R. & Rossiter, R. J.) 494 

Neurospora crassa, zinc and cobalt uptake of (Andersson- 
Kott6, J.,& Hevesy, G. Ch.) 407 

Nicotinamide, bacterial synthesis of (Ellinger, P. & Abdel 
Kader, M. M.) 285, 506 

Nicotinamide, enzymic action of liver and kidney extracts 
towards (Bray, H. G., James, 8. P., Raffan, I. M., Ryman, 
B. E. & Thorpe, W. V.) 618 

Nicotinamide, fluorimetric estimation in biological material 
(Chaudhuri, D. K. & Kodicek, E.) 343 
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Nicotinamide, formation from cozymase by a system from 
nervous tissue (McIlwain, H. & Rodnight, R.) 470; 
(MclIlwain, H.) xxxiii 

Nicotinamide, metabolism and excretion in mammals 
(Ellinger, P. & Abdel Kader, M. M.) 77 

Nicotinamide metabolism in rabbit, effect of diet on 
(Ellinger, P. & Abdel Kader, M. M.) 627 

Nicotinamide methochloride, elimination by rats after 
tryptophan administration (Ellinger, P. & Abdel Kader, 
M.M.) 285 

Nicotinamide methochloride, metabolism and excretion in 
mammals (Ellinger, P. & Abdel Kader, M. M.) 77 

Nicotindiethylamide see Nikethamide 

Nicotinic acid, assimilation and metabolism by Lactobacillus 
arabinosus (Mcllwain, H., Stanley, D. A. & Hughes, D. E.) 
153 

Nicotinic acid metabolism and excretion in mammals 
(Ellinger, P. & Abdel Kader, M. M.) 77 

Nicotinic acid metabolism in mammals (Ellinger, P. & 
Abdel Kader, M. M.) 77 

Nicotinic acid metabolism in rabbit, effect of diet on 
(Ellinger, P. & Abdel Kader, M. M.) 627 

Nikethamide metabolism in mammals (Ellinger, P. & 
Abdel Kader, M. M.) 77 

Nitrobenzamides, fate in rabbit (Bray, H. G., Thorpe, W. V. 
& Wood, P. B.) 39 

Nitrobenzamides, reduction by liver extracts (Bray, H. G., 
Thorpe, W. V. & Wood, P. B.) 39; (Bray, H. G., James, 
8S. P., Raffan, I. M., Ryman, B. E. & Thorpe, W. V.) 618 

Nitrobenzoic acids, fate in rabbit (Bray, H. G., Thorpe, 
W. V. & Wood, P. B.) 39 

Nitrobenzoic acids, reduction by liver extracts (Bray, H. G., 
Thorpe, W. V. & Wood, P. B.) 39 

Nitrogen excretion of Chelonian reptiles (Moyle, V.) 581 

Nitrogen, 1°N isotope, use for investigating porphyrin forma- 
tion (Gray, C. H. & Neuberger, A.) xlv 

Nitrogen, °N isotope, utilization in prodigiosin biosynthesis 
(Hubbard, R. & Rimington, C.) 1 (Proc.) 

Nitrogen fixation in legumes (Smith, J. D.) 585, 591 

Nodules, root see Root nodules 

Nu-1250, inhibition of true cholinesterase by (Hawkins, 
R. D. & Mendel, B.) 260 

Nuclei, preparation from cells of cerebral cortex (Richter, 
D. & Hullin, R. P.) lv 

Nucleic acids, estimation of thymine in (Woodhouse, D. L.) 
185 

Nucleoprotein of fibroblasts growing in vitro (Davidson, 
J. N., Leslie, I. & Waymouth, C.) 5 


n-Octane-1-carboxylic acid in rancid ghee (Achaya, K. T.) 
561 

Oedema, tissue, in starved and dehydrated rats (Dicker, 
8S. E.) 274 

Oestrogenic acids, method of coupling with globulin 
(Hausmann, W. & Wilder Smith, A. E.) 385 

Oestrogens, effect of dehydroisoandrosterone and Ambinon 
on excretion of (Reiss, M., Hemphill, R. E., Gordon, J. J. 
& Cook, E.R.) 632 

Oestrogens, synthetic, metabolism in man and rabbit 
(Simpson, 8. A. & Wilder Smith, A. E.) 366 

Oestrogens, synthetic, separation and assay of free forms 
and metabolites of (Simpson, 8. A. & Wilder Smith, A. E.) 
366 

Oestrone, effect on liver and uterine glucuronidase (Kerr, 
L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

Oils, seal blubber, composition of (Hilditch, T. P. & Pathak, 
8. P.) 218 

Oleic acid, autoxidation of, in rancidification of ghee 
(Achaya, K. T.) 561 

Onion see Allium M 

Optical configuration see Configuration 

Orcinol, characterization of sugars with (Friedmann, R.) 117 











INDEX OF SUBJECTS 


Ornithine, conversion to nicotinamide by bacteria (Ellinger, 
P. & Abdel Kader, M. M.) 285 

Ovalbumin, y-glutamyl bonds in (Haurowitz, F. & Bursa, 
F.) 509 

Ovary, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Ox kidney, alkaline phosphatase from (Abul Fadl, M. A. M., 
King, E. J., Roche, J. & Nguyen-van Thoai) 428; (Abul 
Fadl, M. A. M. & King, E. J.) 434, 435 

Oxaloacetic acid, citrate formed from by sperms (Humphrey, 
G. F. & Mann, T.) 97 

Oxidase, ascorbic acid, effect of Waring blender on activity 
of (Stern, R. & Bird, L. H.) 635 

Oxidase, cytochrome see Cytochrome oxidase 

Oxidases, amino-acid, action on o-hydroxyphenylalanine 
(Blaschko, H.) 268 

Oxidases of Escherichia coli, action of amidines on (Gordon, 
J. J. & Sowden, E.) 498 

Oxidases, tissue, action of propamidine on (Gordon, J. J. & 
Sowden, E.) 498 

Oxidation, aerobic, of reduced cozymase by heart muscle 
(Slater, E. C.)  Iviii 

Oxidation, bacterial, of aromatic compounds (Evans, R. A., 
Parr, W. H. & Evans, W. C.) viii 

Oxygen, effect on citrate and «-ketoglutarate formation by 
pigeon-brain homogenates (Coxon, R. V. & Peters, R. A.) 
litt 

Oxygen uptake by leguminous root nodules (Smith, J. D.) 
591 

Oxyhaemoglobin, carbamino combination of carbon dioxide 
with (Roughton, F. J. W.) xxx 

Oxyntic cells, aerobic metabolism of, and movement of 
fluid across gastric mucosa (Davies, R. E. & Terner, C.) 
377 


Palmitic acid, in rancid ghee (Achaya, K. T.) 561 

Pancreas, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Pea, globulins in (Danielsson, C. E.) 387 

Pectin esterase of Pseudomonas prunicola (Mills, G. B.) 
302 

Pelecypoda, porphyrins of shells of (Comfort, A.) 111 

Pelusios derbianus, nitrogenous excretion of (Moyle, V.) 581 

Penicillium islandicum, 1:4:5-trihydroxy-2-methylanthra- 
quinone from (Howard, B. H. & Raistrick, H.) 227 

Peptides, acidic, from wool hydrolysate, analysis of (Consden, 
R., Gordon, A. H. & Martin, A. J. P.) 548 

Peptides of oxidized insulin (Sanger, F.) 126 

Peptides of oxidized insulin, molecular weights of (Gut- 
freund, H. & Ogston, A. G.) 163 

Periodate oxidation of blood group A-substance (Aminoff, 
D. & Morgan, W. T. J.) xxi 

Permeability of brain cell, influence of glycolysis on (Dixon, 
K.C.) 187; (Stern, J. R., Eggleston, L. V., Hems, R. & 
Krebs, H. A.) 410 

Peroxidase activity, estimation of (Ettori, J.) 35 

Peroxidations, haematin-catalysed, hydrogen carriers from 
(Albert, A. & Falk, J. E.) 129; (Falk, J. E.) 369 

Phenacetin, fate in rabbit (Smith, J. N. & Williams, R. T.) 
239 

Phenacetin, therapeutic activity of (Smith, J. N. & Williams, 
R. T.) 239 

p-Phenetidine, fate in rabbit (Smith, J. N. & Williams, 
R. T.) 250 

p-Phenetidine in phenacetin urine (Smith, J. N. & Williams, 
R. T.) 239 

Phenol, colour reactions for (Porteous, J. W. & Williams, 
R. T.) 56 

Phenol, estimation in urine with 2:6-dichloroquinone- 
chloroimide (Porteous, J. W. & Williams, R. T.) 46 

Phenol in urine after benzene administration (Porteous, 
J. W. & Williams, R. T.) 46, 56 


657 

Phenol metabolism in rabbit (Porteous, J. W. & Williams, 
R. T.) 46; (Garton, G. A. & Williams, R. T.) 234 

Phenol, oxidation by tyrosinase in presence of ascorbic 
acid (Kendal, L. P.) 442 

Phenol, pigment formation during tyrosinase oxidation of 
(Jackson, H. & Kendal, L. P.) 477 

Phenol reagent (Folin-Ciocalteu), determination of potassium 
by (Abul-Fadl, M. A. M.) 282 

Phenols, preparation of p-toluenesulphonates from (Porteous, 
J. W. & Williams, R. T.) 56 

p-Phenylenediamine, as reducing agent in measuring cyto- 
chrome oxidase activity (Slater, E. C.) 305 

Phenylglucuronide in urine after phenol administration 
(Porteous, J. W. & Williams, R. T.) 46 

Phenylsulphurie acid in urine after phenol administration 
(Porteous, J. W. & Williams, R. T.) 46 

N-Phenylurea, fate in rabbit (Bray, H. G., Lake, H. J. & 
Thorpe, W. V.) 136 

Phoca vitulina see Seal, common 

Phosphatase, alkaline, purification of (Abul-Fadl, M. A. M., 
King, E. J., Roche, J. & Nguyen-van Thoai) 428 

Phosphatase, alkaline, reactivation after electrodialysis 
(Abul-Fadl, M. A. M. & King, E. J.) 435 

Phosphatase, alkaline, tryptic digestion of (Abul-Fadl, 
M. A. M. & King, E. J.) 434 

Phosphatase, faecal alkaline, purification of (Abul-Fadl, 
M. A. M. & King, E. J.) 431 

Phosphate esters see Esters, phosphate 

Phosphoglucomutase, activation by metal ions (Stickland, 
L. H.) 190 

Phospholipin in brain of infants and adults (Johnson, A. C., 
MeNabb, A. R. & Rossiter, R. J.) 494 

Phospholipins of seal liver (Hilditch, T. P. & Pathak, S. P.) 
218 

Phosphorus compounds in milk, effect of thryoxine and 
thiouracil on (Chanda, R. & Owen, E. C.) xxix 

Phosphorus, non-nucleic acid protein-bound (Davidson, 
J. N., Gardner, M., Hutchison, W. C., McIndoe, W. M., 
Raymond, W. H. A. & Shaw, J. F.) xx 

Phosphorus, nucleic acid, in growing fibroblasts (Davidson, 
J. N., Leslie, I. & Waymouth, C.) 5 

Phosphorus, **P isotope, effect of pituitary on uptake by 
brain of (Reiss, M., Badrick, F. E. & Halkerston, J. M.) 
257 

Phosphorylase, muscle, possible inhibitors of (Campbell, 
P. N. & Creasey, N. H.) xl 

Phosphorylation, aerobic, inhibitors of (Judah, J. D. & 
Williams Ashman, H.G.) xl 

Picrates, colorimetric determination of picric acid in 
(Stéhr, R.) xxxv 

Picric acid in picrates, colorimetric determination of 
(Stéhr, R.) xxxv 

Pig kidney, preparation of histaminase from (Kapeller- 
Adler, R.) 70 

Pigeon brain, pyruvate oxidase system of (Coxon, R. V., 
Liébecq, C. & Peters, R. A.) x; (Coxon, R. V. & Peters, 
R. A.) liii 

Pigeon brain, specificity of cholinesterase in (Whittaker, 
¥.P) 

Pigeon, glutamine, glutamic acid and ammonia in tissues of 
(Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Pigment formation during tyrosinase oxidations (Jackson, 
H. & Kendal, L. P.) 477 

Pigmentation of Penicillium islandicum (Howard, B. H. & 
Raistrick, H.) 227 

Pigmentation of shells, relation to porphyrin fluorescence 
(Comfort, A.) 111 

Pigments, bile, excretion by rats after sulphanilamide treat- 
ment (Legge, J. W.) 105 

Pigments, fluorescent, in rabbit urine after nikethamide 
administration (Ellinger, P. & Abdel Kader, M. M.) 
77 








658 


Pigments of loquat (Sadana, J.C.) 401 

Pigments, production by Proteus in presence of tryptophan 
(Ellinger, P. & Abdel Kader, M. M.) 285 

Pisum sativum see Pea 

Pituitary, anterior, effect of extract on urinary steroid 
excretion (Reiss, M., Hemphill, R. E., Gordon, J. J. & 
Cook, E. R.) 632 

Pituitary, anterior, influence of diabetogenic factor of, on 
tissue hexokinase (Smith, R. H.) xlii 

Pituitary, anterior, isoelectric precipitation of diabetogenic 
factor of (Reid, E.) xlii 

Pituitary, effect on phosphorus metabolism of brain 
(Reiss, M., Badrick, F. E. & MHalkerston, J. M.) 


Onn 


aVi 

Placenta, glutaraine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Plasma, conjugated amino-acids in, after protein ingestion 
(Christensen, H. N.) 333 

Plasma, dicoumarin, delayed prothrombin time in (Mawson, 
C.A.) xi 

Plasma, effect of dehydration and starvation on composition 
of (Dicker, S. E.) 274 

Plasma, estimation of p-aminosalicylic acid in (Newhouse, 
J. P. & Klyne, W.) vii 

Plasma, estimation of carbon dioxide-combining power of 
(Wootton, I. D. P. & King, E. J.) xii 

Plasma, human, characterization of esterases of (Adams, 
D. H. & Whittaker, V. P.) 62 

Plasma, human, glutamine and glutamic acid in (Krebs 
H. A., Eggleston, L. V. & Hems, R.) 159 

Plasma proteins see Protein, plasma 

Plasma, seminal, citrate from (Humphreys, G. F. & Mann, 
T.) 97 

Polymerization as cause of rancidification of ghee (Achaya, 
K.T.) 561 

Polyphenol oxidation in tea fermentation (Sreerangachar, 
H. B.) 23 

Polysaccharide moiety of blood group A-substance (Aminoff, 
D. & Morgan, W. T. J.) xxi 

Polysaccharide synthesis from glucose 1-phosphate, possible 
inhibitors of (Campbell, P. N. & Creasey, N. H.) xl 

Polysaccharide, synthesized by bacilli (Forsyth, W. G. C. 
& Webley, D.M.) 455 

Porphyria, acute, porphyrins of (McSwiney, R. R., Nicholas, 
R. E. H. & Prunty, F.T.G.) xx 

Porphyria, congenital, porphyrin formation in (Gray, C. H. 
& Neuberger, A.) xlv 

Porphyrins, faecal, effect of sulphanilamide on (Legge, 
J.W.) 105 

Porphyrins, fluorescence in molluscan shells (Comfort, A.) 
111 

Potassium, anaerobic leakage from brain (Dixon, K. C.) 
187; (Krebs, H. A. & Eggleston, L. V.) vii 

Potassium cyanide, use in Biuret estimation of serum 
proteins (Keyser, J. W. & Vaughn, J.) xxii 

Potassium, determination by Folin-Ciocalteu phenol re- 
agent (Abul-Fadl, M. A. M.) 282 

Potassium, muscle, effect of dehydration and starvation on 
(Dicker, 8. E.) 274 

Potassium, plasma, retention in dehydration (Dicker, 8. E.) 
274 

Precipitation, isoelectric, of pituitary diabetogenic factor 
(Reid, E.) xlii 

Precolostrum, bovine, immune globulin fraction of (Mc- 
Dougall, E. I.) 531 

‘Pregnanediol-like glucuronide’ see Glucuronide 

Pressor action of m-hydroxyphenylethylamine (Sloane- 
Stanley, G. H.) 373 

Pressure, effect on gastric secretion (Davies, R. E. & 
Terner, C.) 377 

Prodigiosin, properties and biosynthesis of (Hubbard, R. 
& Rimington, C.) 1 (Proc.) 


INDEX OF SUBJECTS 


Proline, effect on pigment formation in tyrosinase oxidations 
(Jackson, H. & Kendal, L. P.) 477 

L-Proline, isolation from mushrooms (Jackson, H. & 
Kendal, L. P.) 477 

Propamidine, action on oxidases of Escherichia coli and 
tissues (Gordon, J. J. & Sowden, E.) 498 

n-Propylthiol, detection in onion (Challenger, F. & Green- 
wood, D.) 87 

Prosthetic group of histaminase (Kapeller-Adler, R.) 70 

Protease (trypsin), inhibitions by serum (Duthie, E. 8. & 
Lorenz, L.) 167; (Bidwell, E.) vi 

Proteases, bacterial, inhibition of (Duthie, E. 8. & Lorenz, 
L.) 173; (Bidwell, E.) vi 

Proteases, viscosimetric assay of (Duthie, E. 8. & Lorenz, 
L.) 167 

Protein absorption in dog (Dent, C. E. & Schilling, J. A.) 
318; (Christensen, H. N.) 333 

Protein, activation of succinic dehydrogenase-cytochrome 
system by (Keilin, D. & Hartree, E. F.) 205 

Protein, Bence-Jones see Bence-Jones protein 

Protein, combination with formaldehyde (Middlebrook, 
W.R.) 17 

Protein, complexes formed by heating mixtures of (Klecz- 
kowski, A.) 573 

Protein hydrolysate, fractionation by displacement chroma- 
tography on ion-exchange resins (Partridge, 8. M.) 521 

Protein molecules, glutamic acid linkage in (Haurowitz, F. 
& Bursa, F.) 509 

Protein, plasma, methods of estimation of (Keyser, J. W.) 
xxiii 

Protein, serum, characterization of sugar components of 
(Friedmann, R.) 117 

Protein, serum, methods of estimation of (Keyser, J. W.) 
xxiii 

Protein, serum, photoelectric estimation in presence of fat 
(Keyser, J. W. & Vaughn, J.) xxii 

Proteus, biosynthesis of nicotinamide by (Ellinger, P. & 
Abdel Kader, M. M.) 285 

Prothrombin time, delay in dicoumarin plasma (Mawson, 
C. A.) xi 

Psalliota campestris see Mushroom 

Pseudocholinesterase, blood, effect of urethane on (Boy- 
land, E. & Rhoden, E.) 528 

Pseudocholinesterase, role in acetylcholine hydrolysis 
(Hawkins, R. D. & Mendel, B.) 260 

Pseudoglobulin in precolostral globulin (McDougail, E. I.) 
531 

Pseudomonas prunicola, pectin esterase of (Mills, G. B.) 302 

Pseudonicotinamide methochloride, effect of diet on urinary 
output of (Ellinger, P. & Abdel Kader, M. M.) 627 

Pteris aquilina see Bracken 

Putrescine, action of histaminase on (Kapeller-Adler, R.) 
70 

Pyridine derivatives, inhibition of cozymase degradation of 
(McIlwain, H.) xxxiii 

Pyridoxal phosphate, as coenzyme factor for tryptophanase 
complex (Dawes, E. A. & Happold, F.C.) 349 

Pyrogallol tri-p-toluenesulphonate, preparation of (Porteous, 
J. W. & Williams, R. T.) 56 

Pyrrolidine, role in pigment formation during tyrosinase 
oxidations (Jackson, H. & Kendal, L. P.) 477 

Pyrrolidonecarboxylic acid, from enzymic hydrolysis of 
glutamine (Bray, H. G., James, 8S. P., Raffan, I. M. & 
Thorpe, W. V.) 625 

Pyruvate oxidase system in pigeon brain (Coxon, R. V., 
Liébecq, C. & Peters, R. A.) x; (Coxon, R. V. & Peters, 
R. A.) liii 


Quinol as reducing agent in measuring cytochrome oxidase 
activity (Slater, E. C.) 305 

Quinol, estimation in urine (Porteous, J. W. & Williams, 
R. T.) 46 








INDEX OF 


Quinol, fate in rabbit (Garton, G. A. & Williams, R. T.) 
234 
Quinol, in benzene urine (Porteous, J. W. & Williams R. T.) 


Quinol, in phenol urine (Porteous, J. W. & Williams, R. T.) 
46 


Quinol monoglucuronide, isolation and characterization of 
(Garton, G. A. & Williams, R. T.) 234 

Quinolines, hydrogen carriers from haematin-catalysed 
peroxidation of (Albert, A. & Falk, J. E.) 129 

o-Quinones, from haematin peroxidations, functions as 
hydrogen carriers (Albert, A. & Falk, J. E.) 129 

o-Quinones, tannin, in carbohydrate oxidation (Sreeranga- 
char, H. B.) 23 

o-Quinonimines, from haematin peroxidations, function as 
hydrogen carriers (Albert, A. & Falk, J. E.) 129 


Rabbit, absorption of fat and cholesterol in (Cook, R. P. & 
Thomson, R. O.)_lii 

Rabbit, fate of aniline in (Smith, J. N. & Williams, R. T.) 
242 

Rabbit, fate of N-n-acyl-ambamides and V335 in (Hartles, 
R. L. & Williams. R. T.) 335 

Rabbit, fate of benzene in (Porteous, J. W. & Williams, 
R.T.) 46, 56 

Rabbit, fate of isomeric anisidines in (Smith, J. N. & 
Williams, R. T.) 250 

Rabbit, fate of naphthalene and anthracene in (Booth, J. & 
Boyland, E.) 361 

Rabbit, fate of nicotinamide derivatives in (Ellinger, P. & 
Abdul Kader, M. M.) 77 

Rabbit, fate of nitrobenzoic acids and amides in (Bray, 
H. G., Thorpe, W. V. & Wood, P. B.) 39 

Rabbit, fate of phenacetin in (Smith, J. N. & Williams, R. T.) 
239 

Rabbit, fate of phenetidine in (Smith, J. N. & Williams, 
R. T.) 250 

Rabbit, fate of phenol in (Porteous, J. W. & Williams, R. T.) 
46 

Rabbit, fate of phenylurea derivatives in (Bray, H. G., 
Lake, H. J. & Thorpe, W. V.) 136 

Rabbit, fate of quinol and resorcinol in (Garton, G. A. & 
Williams, R. T.) 234 

Rabbit, fate of radioactive strontium in (Tutt, M. & Vaughan, 
J.) XXxv 

Rabbit, fate of synthetic oestrogens in (Simpson, 8S. A. & 
Wilder Smith, A. E.) 366 

Rabbit foetus, synthesis of fatty acids and cholesterol in 
(Popjak, G. & Beeckmans, M. L.) xxxvi, xxxvii 

Rabbit liver, amidase of (Bray, H. G., James, S. P., Raffan, 
I. M., Ryman, B. E. & Thorpe, W. V.) 618 

Rabbit-liver slices, formation of benzoic acid from hydro- 
aromatic precursors in (Beer, C. T., Dickens, F. & Pearson, 
J.T.) i 

Rabbit, nicotinamide and nicotinic acid, effect of diet on, 
metabolism in (Ellinger, P. & Abdel Kader, M. M.) 
627 

Rabbit serum, antiprotease activity of (Duthie, E. 8. & 
Lorenz, L.) 167, 173 

Ran, citric acid in semen of (Humphrey, G. F. & Mann, T.) 
97 

Rancidity in Indian butter fats (Achaya, K. T.) 561 

Rat, absorption of fat and cholesterol (Cook, R. P. & 
Thomson, R. O.) li 

Rat, absorption of vitamin A in (Eden, E. & Sellers, K. C.) 
264 

Rat, biosynthesis of nicotinamide by intestinal flora in 
(Ellinger, P. & Abdel Kader, M. M.) 285, 506 

Rat, effect of Bence-Jones protein on growth of (Dent, C. E. 
& Rose, G. A.) 610 

Rat, effect of pituitary on brain metabolism in (Reiss, M., 
Badrick, F. E. & Halkerston, J. H.) 257 


SUBJECTS 659 

Rat brain, effect of stimulation on phosphate esters of 
(Richter, D. & Dawson, R. M. C.) xlvii 

Rat, haemoglobin metabolism, effect of sulphanilamide 
administration (Legge, J. W.) 105 

Rat hair, effect of dietary bromobenzene and L-cystine on 
bromine in (Spencer, B. & Williams, R. T.) xlvii 

Rat liver, choline oxidase of, action of propamidine on 
(Gordon, J. J. & Sowden, E. ) 498 

Rat, metabolism of anthracene and naphthalene in (Booth, 
J. & Boyland, E.) 361 

Rat, metabolism of chrysene in (Berenblum, I. & Schoental, 
R.) 604 

Rat, metabolism of 3-methylglucose in (Campbell, P. N.) 
lii 

Rat, nicotinamide in tissues of (Chaudhuri, D. K. & Kodicek, 
E.) 343 

Rat, nicotinamide methochloride elimination after trypto- 
phan administration (Ellinger, P. & Abdel Kader, M. M.) 
285 

Rat, normal and cancerous, metabolism 
(Boyland, E. & Rhoden, E.) 528 

Rat, tissue-fluid changes in, during dehydration and starva- 
tion (Dicker, S. E.) 274 

Rat, vitamin B deficiency after eating bracken (Evans, 
E. T. R. & Evans, W. C.) ix 

Reducing groups, production from starch by the action of 
amylases (Preece, I. A. & Shadaksharaswamy, M.) 270 

Reproductive organs, glutamine, glutamic acid and ammonia 
in (Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Reproductive organs, male, citric acid in (Humphrey, G. F. 
& Mann, T.) 97 

Reptiles, Chelonian, nitrogenous excretion in (Moyle, V.) 
581 

Residues, terminal, of oxidized insulin (Sanger, F.) 126 

Resins, ion-exchange see Anion-exchange resins and Cation- 
exchange resins 

Resorcinol, fate in rabbit (Garton, G. A. & Williams, R. T.) 
234 

Resorcinol monoglucuronide, isolation and characterization 
of (Garton, G. A. & Williams, R. T.) 234 

Respiration in fermenting tea (Sreerangachar, H. B.) 23 

Respiration of gastric mucosa and movement of fluid across 
mucosa (Davies, R. E. & Terner, C.) 377 

Respiration of leguminous root nodules (Smith, J. D.) 591 

Respiration of sperms, effect of citrate on (Humphrey, G. F. 
& Mann, T.) 97 

Rhizobium, effect of haemoglobin on oxygen uptake of 
(Smith, J. D.) 591 

Rhizobium, haemoglobin and haematin in root nodules 
produced by effective and ineffective strains of (Smith, 
J.D.) 585 

Riboflavin, coenzyme factor for tryptophanase complex of 
(Dawes, E. A. & Happold, Frank C.) 349 

Riboflavin, fluorimetric estimation in foodstuffs and bio- 
logical material (Kodicek, E. & Wang, Y. L.) 340 

Ribonucleic phosphorus of growing fibroblasts (Davidson, 
J. N., Leslie, I. & Waymouth, C.) 5 

Root nodules, leguminous, haemoglobin and haematin in 
(Smith, J. D.) 585, 591 

Root nodules, leguminous, oxygen uptake of (Smith, J. D.) 
591 

Rotations, molecular, of steroids, rapid calculation for 
(Klyne, W.) xi 

Rumen, bacteria, iron requirements of (McNaught, M. L. & 
Owen, E. C.) xviv 

Ruminants, vitamin A absorption of (Eden, E. & Sellers, 
K.C.) 264 


of urethane 


Saccharic acid, action on f-glucuronidase and glucuronide 
synthesis (Karunairatnam, M. C. & Levvy, G. A.) 599 
Sarcoma, Jensen, urinary nitrogenous constituents of rat 

with (Bach, 8. J. & Maw, G. A.) xxv 











660 


Scopulariopsis brevicaulis, fission and methylation of allyl 
disulphide in (Challenger, F. & Greenwood, D.) 87 

Seal, common, composition of blubber and liver lipids in 
(Hilditch, T. P. & Pathak, 8. P.) 218 

Secretion of hydrochloric acid see Hydrochloric acid secretion 

Sedimentation constant determination for materials of low 
molecular weight (Gutfreund, H. & Ogston, A. G.) 
163 

Sedimentation constant of lactoglobulin (Cecil, R. & 
Ogston, A. G.) 33 

Sedimentation constants of seed globulins of Gramineae 
and Leguminosae (Danielsson, C. E.) 387 

Sedimentation diagrams of seed globulins (Danielsson, C. E.) 
387 

Seeds of Leguminosae and Gramineae, giobulins in (Daniels- 
son, C. E.) 387 

§Segregation, genetical, and bacterial synthesis of enzymes 
(Monod, J.) xix 

Semen, citric acid in (Humphrey, G. F. & Mann, T.) 97 

Serine, separation from glutamic and aspartic acids on 
anion-exchange resins (Partridge, S. M. & Brimley, R. C.) 
513 

Serum, antiprotease activity of (Duthie, E. 8. & Lorenz, L.) 
167, 173; (Bidwell, E.) vi 

Serum, determination of potassium in (Abul-Fadl, M. A. M.) 
282 

Serum flocculation tests at pH 7-55 (Latner, A. L. & 
Pendleton, G. B.)  xxxiii 

Serum protein see Protein serum 

Sheep, absorption of vitamin A by (Eden, E. & Sellers, 
K.C.) 264 

Sheep, glutamine, glutamic acid and ammonia in tissues of 
(Krebs, H. A., Eggleston, L. V. & Hems, R.) 159 

Sheep serum, antiprotease activity of (Duthie, E. S. & 
Lorenz, L.) 167, 173 

Shells, molluscan, porphyrin fluorescence in (Comfort, A). 
111 

Skatole, characterization of sugars with (Friedmann, R.) 
117 

Sodium dithionite, use in fluorimetric estimation of ribo- 
flavin (Kodicek, E. & Wang, Y. L.) 340 

Sodium, plasma, retention in dehydration (Dicker, S. E.) 
274 

Sodium space of muscle, effect of dehydration and starva- 
tion (Dicker, S. E.) 274 

Spectra, absorption, see Absorption spectra 

Spectrophotometry, ultraviolet, determination of barbitu- 
rates by (Born, G. V. R.) 501 

Spermatozoa, citricolysis in (Humphrey, G. F. & Mann, T.) 
97 

Spermatozoa, ram, citrate formation in (Humphrey, G. F. 
& Mann, T.) 97 

Sphingomyelin, in brain of infants and adults (Johnson 
A. C., McNabb, A. R. & Rossiter, R. J.) 494 

Spleen, glutamine, glutamic acid and ammonia in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Spleen, isolated, accumulation of glutamate by (Stern, J. R., 
Eggleston, L. V., Hems, R. & Krebs, H. A.) 410 

Staphyloccocus aureus, inhibition of proteolytic activity of 
(Duthie, E. S. & Lorenz, L.) 173 

Starch, reducing-group production from, by action of 
amylase (Preece, I. A. & Shadaksharaswamy, M.) 270 

Starvation of rats, tissue-fluid changes during (Dicker, S. E.) 
274 

Steroids, rapid calculation of molecular rotations of (Klyne, 
W.) xi 

Steroids, urinary, effect of dehydroisoandrosterone and 
Ambinon on (Reiss, M., Hemphill, R. E., Gordon, J. J. & 
Cook, E. R.) 632 

Stilboestrol, separation and assay of metabolites of (Simp- 
son, S. A. & Wilder Smith, A. E.) 366 

Stones, bile-acid see Enteroliths 





INDEX OF SUBJECTS 











Streptococcus faecalis, biosynthesis of nicotinamide of 
(Ellinger, P. & Abdel Kader, M. M.) 285 

Streptococcus faecalis, specifiity of tyrosine decarboxylase of 
(Sloane-Stanley, G. H.) 73 

Streptococcus faecalis, tyrosine apodecarboxylase of, utiliza- 
tion for codecarboxylase estimation (Sloane-Stanley, 
G. H.) 567 

Strontium, radioactive, metabolism in rabbit (Tutt, M. & 
Vaughan, J.) xxxv : 

Succinic acid, deuterium-substituted, enzymic oxidation of 
(Thorn, M. B.) xx 

Succinic dehydrogenase-cytochrome system, evidence for 
further carrier in (Keilin, D. & Hartree, E. F.) 205 

Succinie dehydrogenase-cytochrome system in tissue pre- 
parations, factors affecting activity of (Keilin, D. & 
Hartree, E. F.) 205 

Succinylsulphathiazole, effect on nicotinamide methochloride 
elimination after tryptophan administration (Ellinger, P. 
& Abdel Kader, M. M.) 285 

Sugars, characterization alone and in protein (Friedmann, 
R.) 117 

Sugars in polysaccharides synthesized by bacilli (Forsyth, 
W. G. C. & Webley, D. M.) 455 

Sugars, separation on paper chromatograms using three- 
component solvents (Jermyn, M. A. & Isherwood, F. A.) 
402 

Sulphanilamide, disturbance of haemoglobin metabolism 
in rat by (Legge, J. W.) 105 

Sulphates, ethereal, of benzene urine, isolation of phenols 
in (Porteous, J. W. & Williams, R. T.) 56 

Sulphates, ethereal, of synthetic oestrogens, separation and 
assay in urine (Simpson, S. A. & Wilder Smith, A. E.) 366 

Sulphetrone, determination in body fluids (Short, E. L.) li 

Sulphonamide metabolism in rabbit (Hartles, R. L. & 
Williams, R. T.) 335 

Sulphur, radioactive, measurement in biological material 
(Young, L., Edson, M. & McCarter, J. A.) 179 

Supercontraction of hair, effect of formaldehyde on (Middle- 
brook, W. R.) 17 

Suramin, action on non-proteolytic enzymes (Wills, E. D. 
& Wormall, A.) xxxix 

Suramin, action on proteolytic enzymes (Town, B. W. & 
Wormall, A.) xxxviii 

Swelling curve of collagen, effect of deamination and methy- 
lation on (Bowes, J. H. & Kenten, R. H.) 142 






























Tannin, tea, inhibition of leaf respiration by oxidation 
products of (Sreerangachar, H. B.) 23 

Tannins, combination with collagen (Bowes, J. H. & 
Kenten, R. H.) 142 

Tea leaf, respiration during fermentation (Sreerangachar, 
H. B.) 23 

Teeth, zinc in (Cruickshank, D. B.) 299 

Testosterone, effect on citric acid formation in semen 
(Humphrey, G. F. & Mann, T.) 97 

Testosterone, effect on liver and uterine glucuronidase 
(Kerr, L. M. H., Campbell, J. G. & Levvy, G. A.) 487 

Testudo spp., nitrogenous excretion of (Moyle, V.) 581 

Tetramesobiline-b, excretion after sulphanilamide adminis- 
tration in rat (Legge, J. W.) 105 

















Therapeutic effects of phenacetin and acetanilide (Smith, T 
J. N. & Williams, R. T.) 239 - 
Thiocyanate, effect on gastric secretion (Davies, R. E. & 
Terner, C.) 377 : 
Thiol groups, oxidation caused by using Waring blender T 
(Stern, R. & Bird, L. H.) 653 
Thiouracil, effect on phosphorus compounds in milk f 
(Chanda, R. & Owen, E. C.) xxix 
Thrombin, time of formation in dicoumarin plasma (Mawson, T 
©. A.) xi 7 
] 





Thymidine, identification in liver extracts (Cuthbertson, 
W. F. J. & Lester Smith, E.) v 











INDEX OF 


Thymine, colorimetric micro-estimation of (Woodhouse, 
D. L.) 185 

Thyroid, continuous measurement of radioactive iodine 
concentration in (Reiss, M., Badrick, F. E., Halkerston, 
J. H. & White, J. H.) 255 

Thyroxine, effect on phosphorus compounds in 
(Chanda, R. & Owen, E. C.) xxix 

Tissue, animal, estimation of urethane in (Boyland, E. & 
Rhoden, E.) 528 

Tissue, animal, formation of benzoic acid in, from possible 
hydroaromatic precursors (Beer, C. T., Dickens, F. & 
Pearson, J. T.) i 

Tissue, dental see Teeth 

Tissue, estimation of barbiturates in (Born, G. V. R.) 501 

Tissue, estimation of codecarboxylase (Sloane-Stanley, 
G. H.) 567 

Tissue, estimation of ®S in (Young, L., Edson, M. & 
McCarter, J. A.) 179 

Tissue extracts, action on glutamine (Bray, H. G., James, 
S. P., Raffan, I. M. & Thorpe, W. V.) 625 

Tissue, micro-estimation of benzoic and hippuric acids in 
(Dickens, F. & Pearson, J. T.) i 

Tissue, nervous, breakdown of cozymase by a system from 
(McIlwain, H. & Rodnight, R.) 470 

Tissue oedema see Oedema 

Tissue oxidases, action of propamidine on (Gordon, J. J. & 
Sowden, E.) 498 

Tissue preparations, factors affecting succinic dehydrogenase 
activity of (Keilin, D. & Hartree, E. F.) 205 

Tissue preparations, measurement of glucuronide synthesis 
by (Levvy, G. A. & Storey, I. D. E.) 295 

Tissues, animal, glutamic acid and glutamine in (Krebs, 
H. A., Eggleston, L. V. & Hems, R.) 159 

Titration curve of collagen, effect of deamination and 


milk 


methylation on (Bowes, J. H. & Kenten, R. H.) 142 
Titration curves of synthetic anion-exchange resins 


(Partridge, S. M. & Brimley, R. C.) 513 

p-Toluenesulphonic esters of phenols, 
(Porteous, J. W. & Williams, R. T.) 56 

p-Toluidine-ammonium galacturonate, synthesis of (Smith, 
J. N. & Williams, R. T.) 250 

p-Toluidine-ammonium glucuronate from phenetidine and 
anisidine urines (Smith, J. N. & Williams, R. T.) 250 

p-Toluidine-ammonium glucuronate, synthesis of (Smith, 
J. N. & Williams, R. T.) 250 

Tolylurea isomers, fate in rabbit (Bray, H. G., Lake, H. J. & 
Thorpe, W. V.) 136 

Tortoise, nitrogenous excretion of (Moyle, V.) 581 

Toxicology, industrial, of benzene (Porteous, J. W. & 
Williams, R. T.) 56 

x-Toxin of Clostridium welchii see Collagenase 

Tracer isotope, radioactive, continuous measurement of 
concentration in body (Reiss, M., Badrick, F. E., Halker- 
ston, J. H. & White, J. H.) 255 

Tracer isotope, use of deuterium as (Thorn, M. B.) xx 

Transaminase, diffusion from brain tissue to medium during 
glutamate metabolism (Stern, J. R., Eggleston, L. V., 
Hems, R. & Krebs, H. A.) 410 

Triacetin, hydrolysis by plasma esterases (Adams, D. H. & 
Whittaker, V. P.) 62 

Tributyrin, hydrolysis by plasma esterases (Adams, D. H. 
& Whittaker, V. P.) 62 

Tricarboxylic acid cycle and pyruvate oxidase system in 
pigeon brain (Coxon, R. V., Liébecq, C. & Peters, R. A.) x 

Trichothecin, isolation and chemical properties of (Freeman, 
G. C. & Morrison, R. I.) 1 

Trichothecium roseum, isolation of 
(Freeman, G. C. & Morrison, R. I.) 1 

Trigonelline, effect of diet on urinary output of (Ellinger, P. 
& Abdel Kader, M. M.) 627 


preparation of 


trichothecin from 


Trigonelline in urine after nicotinamide and nicotinic acid 


metabolism in rabbit (Ellinger, P. & Abdel Kader, M.) 77 


SUBJECTS 661 


1:4:5-Trihydroxy-2-methylanthraquinone from Penicillium 
islandicum (Howard, B. H. & Raistrick, H.) 227 

Triolein, hydrolysis by plasma esterases (Adams, D. H. & 
Whittaker, V. P.) 62 

Tripeptides in wool hydrolysates (Consden, R., Gordon, 
A. H. & Martin, A. J. P.) 548 

Triticum vulgare see Wheat 

Trypsin, action on insulin (Butler, J. A. V., Dodds, E. C., 
Phillips, D. M. P. & Stephen, J. M. L.) 224 

Trypsin, inhibition by serum (Duthie, E. 8S. & Lorenz, L.) 
167; (Bidwell, E.) vi 

Trypsin, inhibition by suramin (Town, B. W. & Wormall, 
A.) Xxxviii 

Trypsin, viscosimetric assay of (Duthie, E. 8. & Lorenz, L.) 
167 

Tryptic digestion see Digestion, tryptic 

Tryptophan, conversion to nicotinamide by 
(Ellinger, P. & Abdel Kader, M. M.) 285, 506 

Tryptophan, enzymic breakdown of (Dawes, E. A. & 
Happold, Frank C.) 349; (Baker, J. W., Dawes, E. A. & 
Happold, F.C.) xxxii 

Tryptophan, metal-catalysed fission of (Baker, J. W., 
Dawes, E. A. & Happold, F.C.) xxxi 

Tryptophan, nicotinamide-saving action of (Ellinger, P. & 
Abdel Kader, M. M.) 285 

Tryptophanase, cell-free, preparation of (Dawes, E. A. & 
Happold, F.C.) 349 

Tryptophanase complex, nature, characteristics and partial 
purification of (Dawes, E. A. & Happold, F.C.) 349 

Tuberculosis, zinc concentration in teeth during (Cruick- 
shank, D. B.) 299 

Turtle, nitrogenous excretion of (Moyle, V.) 581 

Tyrosinase oxidation of monophenols by (Kendal, L. P.) 442 

Tyrosinase oxidations, pigment formation during (Jackson, 
H. & Kendal, L. P.) 477 

Tyrosine apodecarboxylase of Streptococcus faecalis, use in 
codecarboxylase estimation (Sloane-Stanley, G. H.) 567 

Tyrosine decarboxylase, specificity of (Sloane-Stanley, 
G. H.) 373 

Tyrosine decarboxylase system, properties of (Sloane- 
Stanley, G. H.) 567 

Tyrosine, oxidation by tyrosinase in presence of ascorbic 
acid (Kendal, L. P.) 442 


bacteria 


Ultraviolet spectrophotometry see Spectrophotometry 

Urea, excretion by Chelonian reptiles (Moyle, V.) 581 

Urea, plasma, retention in dehydration (Dicker, S. E.) 
274 

Urease, action of suramin on (Wills, E. D. & Wormall, A.) 
XXXix 

m-Ureidobenzoic acid in urine after m-tolylurea metabolism 
(Bray, H. G., Lake, H. J. & Thorpe, W. V.) 136 

p-Ureidobenzoic acid in urine after p-tolylurea metabolism 
(Bray, H. G., Lake, H. J. & Thorpe, W.V.) 136 

4-Ureidophenylglucuronide in urine after N-phenylurea 
metabolism (Bray, H. G., Lake, H. J. & Thorpe, W. V.) 
136 

Urethane, determination in blood, urine and tissue extracts 
(Boyland, E. & Rhoden, E.) 528 

Urethane, effect on esterase activity of blood (Boyland, E. 
& Rhoden, E.) 528 

Urethane, metabolism in normal and tumour-bearing rats 
(Boyland, E. & Rhoden, E.) 528 

Uric acid excretion of Chelonian reptiles (Moyle, V.) 581 

Urine, cholesterol content, in cancer (Burchell, M., Earle, 
J. H. O. & Maclagan, N. F.) iv 

Urine, estimation and chemical state of cholesterol in 
(Burchell, M. & Maclagan N. F.) iv 

Urine, estimation of p-aminosalicylic acid and sulphetrone 
in (Short, E. L.) li 

Urine, estimation of phenol in (Porteous, J. W. & Williams, 
R. T.) 46 








662 
Urine, estimation of urethane in (Boyland, E. & Rhoden, 
E.) 528 


Urine, isolation of A!*-androsten-3(«)-ol from (Brooksbank, 
B. W. L. & Haslewood, G. A. D.) iii 

Urine, nitrogenous constituents of, in rats with Jensen 
sarcoma (Bach, S. J. & Maw, G. A.) xxv 

Urine, normal and benzene estimation of catechol and 
quinol in (Porteous, J. W. & Williams, R. T.) 46 

Urine, separation and assay of metabolites of synthetic 
oestrogens in (Simpson, S. A. & Wilder Smith, A. E.) 
366 

Urine, steroidsin, after dehydroisoandrosterone and Ambinon 
administration in man (Reiss, M., Hemphill, R. E., 
Gordon, J. J. & Cook, E. R.) 632 

Urobilins, faecal, effect of sulphanilamide on excretion of 
(Legge, J. W.) 105 

Uronates, p-toluidine-ammonium, synthesis of (Smith, J. N. 
& Williams, R. T.) 250 

Uronic acid in polysaccharides synthesized by bacilli 
(Forsyth, W. G. C. & Webley, D. M.) 455 

Uterus, mouse, glucuronidase fractions (Kerr, L. M. H., 
Campbell, J. G. & Levvy, G. A.) 487 

Uterus, mouse, B-glucuronidase as index of growth of (Kerr, 
L. M. H., Campbell, J. G. & Levvy, G. A.) 487 


V335, N-n-acyl derivatives, antibacterial activity of (Hartles, 
R. L. & Williams, R. T.) 335 

V335, N-n-acyl derivatives, fate in rabbit (Hartles, R. L. & 
Williams, R. T.) 335 

V335, new N-n-acyl derivatives, synthesis of (Hartles, R. L. 
& Williams, R. T.) 335 

Valine, in gramicidin hydrolysates, optical configuration of 
(Synge, R. L. M.) 542 

Vicilin, occurrence in Leguminosae (Danielsson, C. E.) 387 

Virus, tobacco-mosaic, complexes formed by heating with 
serum albumin (Kleezkowski, A.) 573 

Virus, tomato bushy stunt, complexes formed by heating 
with serum albumin (Kleczkowski, A.) 573 

Viscosimetric assay of proteases and their inhibitors 
(Duthie, E. 8. & Lorenz, L.) 167, 173 


INDEX OF SUBJECTS 


Vitamin A, absorption in rats and ruminants (Eden, E. & 
Sellers, K. C.) 264 

Vitamin A, and derivatives, paper chromatography of 
(Datta, S. P. & Overell, B. G.)  xliii 

Vitamin A, effect of fat on formation from carotene in gut 
(Thompson, 8. Y., Braude, R., Cowie, A. T., Ganguly, J. 
& Kon, 8. K.) ix 

Vitamin B, deficiency in rats after eating bracken (Evans, 
E. T. R. & Evans, W. C.) ix é 

Vitamin B,,, in liver extracts, chromatography (Cuthbert- 
son, W. F. J. & Lester Smith, E.) v; (Shaw, G. E.) liv 


Waring blender, use of (Stern, R. & Bird, L. H.) 635 

Water content of tissues, effect of starvation and dehydra- 
tion on (Dicker, 8. E.) 274 

Water diuresis see Diuresis 

Wheat, globulins in seeds of (Danielsson, C. E.) 387 

Wofatit M, use in displacement chromatography (Partridge, 
8. M. & Brimley, R. C.) 513 

Wool, partial hydrolysate, analysis of peptides of (Consden, 
R., Gordon, A. H. & Martin, A. J. P.) 548 


Xanthophylls in loquat (Sadana, J.C.) 401 

X-rays, effect on bone marrow of body exposure to (Lutwak- 
Mann, C. & Gunz, F. W.) iii 

Xylose, in polysaccharides synthesized by bacilli (Forsyth, 
W. G. C. & Webley, D. M.) 455 


Yeast, adaptive fermentation of galactose by (Wilkinson, 
J.¥F.) 460 

Yeast enzymes, inhibitions by suramin (Wills, E. D. & 
Wormall, A.) xxxix 


Zeo-Karb 215, as cation-exchange resin in displacement 
chromatography (Partridge, 8S. M. & Westall, R.G.) 418 

Zeo-Karb 215, fractionation of protein hydrolysate using 
(Partridge, S. M.) 521 

Zinc, in normal teeth (Cruickshank, D. B.) 299 

Zine uptake by Neurospora (Andersson-Kott6, I. & Hevesy, 
G. Ch.) 407 









liv 








